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We show how to provide a structure of probability space to the set of execution traces on a non-
confluent abstract rewrite system, by defining a variant of a Lebesgue measure on the space of traces.
Then, we show how to use this probability space to transform a non-deterministic calculus into
a probabilistic one. We use as example A, a recently introduced calculus defined through type
isomorphisms.

1 Introduction

Many probabilistic calculi has been developed in the pasts years, e.g. [1,9, 11, 14,20]. In particular, the
algebraic versions of A-calculus [5,24] are extensions to A-calculus where a linear combination of terms,
e.g. a.r + f.s, is also a term. One way to interpret such a linear combination is that it represents a term
which is the term r with probability o, or the term s with probability . However, endowing such a
calculus with a non-restrictive type system is a challenge [3,4].

A simpler framework is that of non determinisitic calculi which can be seen as algebraic calculi
withouth scalars. They have been studied, for instance in [8, 10, 12,13,15-18,21], however moving back
from non-determinism to probabilities is not trivial. In this paper we propose, instead of changing these
models, to define a probability measure on reductions in non-deterministic systems. In fact, as we shall
see, such a probability measure can be defined on any abstract non-deterministic transition systems, or
non-confluent abstract rewrite systems (ARS) (cf. [23, Chapter 1]). Our goal is to show that explicit
probabilities are not needed in the syntax, and that the simpler non-deterministic calculi are as powerful
as the more complicated probabilistic calculi.

Consider for example the following non-confluent ARS

a
a—b , a—c, c—d c—e . b/\

c
we want to associate a probability to events such as / \
* * * * d €
a—"b , a—'c¢, a—"d, a—'e.

In this example, assuming equiprobability, we have P(a —* b) = 1, P(a —»* ¢) = 1, P(a »* d) = 1,
Pla—*e)= %. Notice that these events are not disjoints and that their sum is larger than 1. In particular,
a —* d implies a —* ¢. Defining the elements of the set  of elementary events is not completely
straightforward, in particular because we want to make it general enough to also consider infinite cases.
For example, in the following system

/
a — a1, a —a,;,

we naturally would like that P(ag —* a,,) = 2%
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2 The probability of non-confluent systems

Besides defining the elements of the set Q, we need to define a notion of a measurable subset of
and endow such a subset with a probability distribution verifying the Kolmogorov axioms.

Our idea is to follow Lebesgue: define first the probability of rectangles, or boxes, then the probability
of any set and finally measurable sets as those that verify Lebesgue’s property. Thus besides defining the
set Q, we need to define a subset of P(Q) of boxes.

The first intuition would be to take paths as elements of the set Q, for instance assigning the prob-
ability % to the paths a — b, % toa—c¢—d and % to a — ¢ — e. In fact it seems more convenient to
extend such paths to strategies prescribing one reduct for each non normal object. Boxes are then defined
as sets of strategies agreeing on a finite domain. We show in this paper that this is sufficient to define a
probability space on strategies, consistent with the intuitive probability of events of the form a —* b.

Our study is generic enough to be applicable to several settings, such as automatons, or any other
kind of transition systems. We use the nomenclature of abstract rewrite systems, but that of states and
transitions could be used as well. Finally, we apply this construction to A, [15, 16].

Plan of the paper. Section 2 introduces the basic concepts of strategies and boxes, it defines the
Lebesgue measures. Section 3 proves that the space of strategies forms a probability space. Finally,
in section 4 we show how to modify the calculus A into a probabilistic calculus A7. Also, we provide
an encoding of an algebraic A-calculus into A7 and, to some extend, the inverse translation.

2 Preliminaries

Let A be a set of objects and — a function from A x A to N such that for all a the set {b | — (a,b) # 0}
is finite. We write a — b if — (a,b) # 0. We allow a term to be written to the same symbol more than
once, so its probability increases, e.g. if — (a,b) =2 and — (a,c¢) = 1, then the probability of getting
b will be the double than the probability of getting ¢. Think for example in a non-deterministic choice
between two objects, which happen to be equal, then there would be two ways to get such an object by
doing the choice. For a given object a € A, we denote by p(a) its degree, that is, the number of objects
to which it can be rewritten to in one step. Definition 2.1 formalises this.

Definition 2.1 (Degree of an object). p : A — N is a function defined by p(a) =Y — (a,b).

An object is normal if its degree is 0. We denote by AT = {a | a € A and p(a) > 1} to the set of
non-normal objects, that is, objects that can be rewritten to other objects.

A strategy prescribing one reduct for each non-normal object is defined as a function from A™ to A
(cf. [23, Def. 4.9.1]).

Definition 2.2 (Strategy). A strategy is a total function f : AT — A such that f(a) = b implies a — b.
For instance, if a — b and a — b/, there are two functions, f and f’ assigning different results to a. We
denote by Q the set of all such functions.

A box is a set of strategies agreeing on a finite domain.

Definition 2.3 (Box). A box B C Qs a set of the form {f | f(a;) =a],..., f(a,) = a},} for some objects
a;, al. We write B(Q) the subset of P(Q) containing all the boxes.

Example 2.4. Continuing with the example given at the introduction, At = {a, c}. Let fl( )=b, fi(c)=
d and f>(a) = b, f2(c) = e be two of the four strategies of Q. Then the box {f | f(a) =b, f(c) =d} =
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{f1} and the box {f | f(a) =b} is {f1, 2}

A probability distribution can be defined in term of boxes, and then be extended to arbitrary sets of
strategies.

Definition 2.5 (Probability function). Let p : B(Q) — [0, 1] be a total function defined over boxes as
follows. If B={f | f(a1) =a],..., f(a,) = a}, then

p(8) =] %p(?;;)a )

By convention, if no condition is given in B (i.e. B = Q), we have n = 0, and we consider the product of
zero elements to be 1, the neutral element of the product.
Then we define the probability measure P : P(Q) — [0, 1] for arbitrary sets of strategies as follows

p(S) = 0 ifS=0
~ | inf{¥zecp(B) | C is a countable family of boxes s.t. § C [Jzce B} in other case

Example 2.6. Consider the ARS a — b with multiplicity 2 and a — ¢ with multiplicity 1.

Let Bbethebox B={f | f(a) =b}. Then we have p(B) = _;(&;)) = % Intuitively, / 3 \\
P(B) is the same as p(B) (this will be later formalised in Lemma 3.10), because Bis b b ¢
the minimum cover of B, that is, { B} is the minimum family of boxes such that B is

2

in its union. Hence P(B) = 3.

Example 2.7. We continue with the same running example depicted in the introduc-
tion. Let fi(a) =b, fi(c) =d and f3(a) =c, f3(c) = e be two strategies. Then the set
S ={f1, 3} is minimally covered by the boxes B = {fi1} = {f | f(a) =b, f(c) =d}
and B, = {f3} = {f | f(a) =c, f(c) = e}. So we have P(S) = p(B1) +p(B2) = 515 + 7.5 = 1.

Now we can define the Lebesgue measure in terms of the given probability measure.

Definition 2.8 (Measurable). Let A be an element of P(Q), we write A~ for the complement of A, that
is Q\ A. The set A is Lebesgue measurable if VS € P(Q), we have P(S) =P(SNA) +P(SNA™).
We define A = {A | A is measurable}.

3 A probability space of strategies

The aim of this section is to prove that (Q,.4,P) is a probability space. That is, the sample space Q (the
set of all possible strategies), the set of events A, which is the set of the Lebesgue measurable sets of
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strategies, and the probability measure P, form a probability space. Our proof follows [7]. We proceed by
proving that this triplet satisfies the Kolmogorov axioms, that is the probability of any event is between 0
and 1, the probability of Q is 1, and the probability of any countable sequence of pairwise disjoint (that
is incompatible) events, is the sum of their probabilities. In order to do so, we need first to prove several
properties.

Lemma 3.1 establishes several known properties of Lebesgue measurable sets.

Lemma 3.1.
1. LetAc Aand S € P(Q). fANS =0, then P(AUS) =P(A) +P(S).
2. Let A1,Ay € A IfA} C Ay, then P(A}) < P(A).
3. 0, the empty set, is Lebesgue measurable.
4. A is Lebesgue measurable if and only if A~ is Lebesgue measurable.
5

. IfA1,A, are Lebesgue measurable, then A| UA> is Lebesgue measurable.

1. PLAUS) =P((AUS)NA)+P((AUS)NA~) =P(A) +P(S).

2. First notice that by definition, P(S) > 0 for any S € P(Q). Hence, P(Ay) =P(A2NA;)+P(Ay N
AIN) = P(A]) +P(A2 ﬂAIN) > P(A]).

3. Notice that P(0) = 0. Then, VS € P(Q), P(S) =P(SN0) +P(SNQ), so @ is Lebesgue measurable.

4. Let A be Lebesgue measurable, then VS C Q, P(S) =P(SNA)+P(SNA~) =P(SNA™)+P(SN
A™"™), s0 A~ is Lebesgue measurable.

5. Let Aj,A; be Lebesgue measurable, then VS C Q, we have
P(S)=P(SNA;)+P(SNAT) (1) and P(S) =P(SNA2)+P(SNAY) (2)

From set theory SN(A]UA2) =SN(AJU(AT NAL)) = (SNA)U(SNATNAL)  (3)
Using SNA7 for Sin (2) gives
P(SNAT) =P(SNAT NA2) +P(SNATNAY) =P(SNATNA2) +P(SN(A1UA2)™)  (4)

From (3), using items 1 and 2, we have P(SN (A UA;z)) =P(SNA;)+P(SNAT NA2). Adding
P(SN(A; UA,)™) to both sides gives P(SN (A; UA,) +P(SN (A UA)™) =P(SNA;) +P(SN
AT NA2)+P(SN (A1 UA2)™) Using (4) and (1) we obtain P(SN (A; UA2)) +P(SN (A1 UAL)™) =
P(SNA;)+P(SNAT) =P(S). O

The concept of algebra (Definition 3.2) gives a closure property of subsets. As a corollary of the
Lemma 3.1 we can show that the set .4 of Lebesgue measurable sets form an algebra (Corollary 3.3).

Definition 3.2 (Algebra). Let X be a set. We say that a set A € P(X) is an algebra over X if for all
A,Be A, AUB, A~ and X itself are also in A.

Corollary 3.3. A is an algebra over Q.

Proof. A€ P(Q). LetA,B € A, then by Lemma 3.1(5), AUB € A. By Lemma 3.1(4), A~ € A. Finally,
by Lemma 3.1(3) and (4), Q € A. O
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Moreover, we can show that A is a o-algebra, that is an algebra, completed to include countably
infinite operations. Definition 3.4 formalises it.

Definition 3.4 (c-algebra). Let X be a set. We say that a set £ € P(X) is a o-algebra over X if it is an
algebra and it is closed under countable unions, that is, if A;,A;,A3,... are in X, then so is [ JA;.

Theorem 3.7 states that the set .A of Lebesgue measurable sets is a o-algebra. We need to prove two
properties of Lebesgue measurable sets first (Lemmas 3.5 and 3.6).

Lemma 3.5. Let S C Qand Ay, ..., A, € A be a disjoint family. Then

g (Sm (UA)) Y esnay)
i=1 i=1

Proof. We proceed by induction on n. If n =1 it is trivial. Assume it is true for n — 1. Notice that

n n n—1
SN (UA,) NA,=SNA, () and SN (UA,-) NAY =S8N (UA,-) (6)
i=1 i=1 i=1

Equation (5) is clear, and (6) follows since (U™, A;) NA, = UL, (A;NAY) = (U= (AiNA))) U
(ANAY) = UL (AinAy).
Thus, since A,, is measurable, we have that

o 0]+ ()] (2

and from (5) and (6) this is equal to P(SNA,) +P (SN (U;’;llA,-) ), which by the induction hypothesis is
equal to Y| P(SNA;). O

Lemma 3.6. Let S{,S>,--- C Q. Then

p (Qsi) < TR
i=1 i=1

Proof. If P(S;) = oo for some i, then we are finished. Therefore, assume P(S;) < oo for each i € N.

Without lost of generality, assume S; # 0, for all i. Indeed, since P(0) = 0, an empty set would not
add anything to any side of the equation. For a given £ > 0 and i, there is a sequence {B;; | i=1,...,j =
1,...} of boxes such that S; € U7, Bij and ¥.7_; p(Bij) < P(S;) +2 '€, by the definition of P. Now,
#{Bij | i,j} < Roand U7, S; € U2, U7, Bij. Therefore, using the definition of P,

8

P ( Si> <Y Y p(B;j) <
i=1 i=1j=1 ;

(e} 1 ()
1P(Si)+8;§ = ;P(S,')-i-E

Since this is true for each €, the lemma holds. O

Using these properties, we can prove that A is a o-algebra (Theorem 3.7).

Theorem 3.7. A is a 6-algebra over Q.
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Proof. By Corollary 3.3, A is an algebra. We only have to prove that A is closed under any countable
unions. That is, if By,B», - € A, then |J;—; B; € A. Since A is an algebra (Corollary 3.3), there is
a disjoint family Aj,A,,--- € A such that A = |J;-; B; = U~ A;. For example, we can take A} = B,
A, =B\ B1,A3=B3\ (B1UBy),.... Let C, = U\ A, so C, € A again using that A is an algebra. Also
notice that A~ C C;” because C,, C A.

Since C,, is measurable, take any S C Q and, using Lemma 3.1(2), we can calculate P(S) =P(SNC,) +
P(SNCy) >P(SNC,) +P(SNA™). Since P(SNC,) =P (SN (UL, A))), using Lemma 3.5, we obtain
P(S) > Y" P(SNA;) +P(SNA™) and, since the left-hand side is independent of n, P(S) > ¥ | P(SN
A;) +P(SNA™). Thus, by Lemma 3.6, P(S) > P (SN (Ui Ai)) +P(SNA~) =P(SNA) +P(SNA™).

For the converse inequality, notice that S = (SNA) U (SNA™), so using Lemma 3.6 we have P(S) =
P((SNA)U(SNA™)) <P(SNA)+P(SNA™). Hence, A € A. O

As intuited in Example 2.6, the probability of a box B is p(B). Lemma 3.10 formalises it. Before
proving this lemma, we need two auxiliary ones (Lemmas 3.8 and 3.9). For short, we use the notation
Bna=bforBN{f | f(a) =b}.

Lemma 3.8. Let N C Nand foralli € N, let B,B; C Q be boxes s.t. BC |J;cyBi and p(B) > Yicnyp(Bi).
Then for every object a, there exists an object b such that, p(BNa=D>b) > Y,cyp(BiNa=Db).

Proof. Leta — b;, withi = 1,...,n. Hence notice that p(B) = Y}_, p(BNa=b;), and this happens for
any B. Then, from p(B) > Y;cyp(Bi), we have Y} p(BNa=b;) > Y,y Y p(BiNa=b;)

=Y'i_1 LienP(BiNa=bj). Therefore, there must be at least one & such that p(BNa=by) > Yy p(BiN
a= bh). ]

Lemma 3.9. Let N C Nand forall i € N, let B,B; C Q be boxes s.t. BC |J;cyBi and p(B) > Yicnyp(Bi).
Then for all family {a;} of objects, there exists a family {b;} such that, for every k, p(BNa; =b;N---N
a, = bk) > Z[GNP(Biﬂal =biN---Na, = bk).

Proof. We proceed by induction on k. For k = 1, use Lemma 3.8. By the induction hypothesis, we
have p(Bﬁ aj=biN---Nay_; = bk—l) > ZieNp(Bi Nay=biN---Nag_; = bk_1). We conclude by
Lemma 3.8. O

Lemma 3.10. Let B C Q be a box, then P(B) = p(B).

Proof. LetB={f| f(a;) =a),..., f(a,) = a},}. Since B C B, by definition of P, we have P(B) < p(B).
We must prove p(B) < P(B) = inf{};cxp(Bi) | B C U;enBi}. In other words, we must prove that
B C J;eny Bi implies p(B) < ¥,cnp(B;). We proceed by induction on n.

e If n =0, p(B) = 1. Notice that, without restrictions in B, B = Q. We prove this case by contradic-
tion. Let p(F) > Y.;cy p(B;). Then by Lemma 3.9, there exists g such that for all ,

p(ar =g(ai)N---Nag = g(ar)) > Y p(BiNar = g(ai)N---Nag = g(a)) (7N
ieEN

Since g € Q C | J;cn B, there exists j such that g € B;. Let B; be defined with constraints on objects
a;,...,a;. Let k= g and from equation (7),

p(a; =g(a;)N---Na; =g(a,)) > Y p(Bina; = g(ar)N---Na, = g(ay)) (®)
iEN
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We know that p(a; = g(a;)N---Na, = g(aq)) I, a”ah)ah)), and since g € Bj, we know
that this is also equal to p(BjNa; = g(a;)N---Na, = g(a,)). Hence equation (8) leads to a
contradiction.

e Consider the case n— 1. Let B’ = {f | 3g € B s.t. Va # a,,, f(a) = g(a)}. Then if B’ C ey B}
we have p(B') < Y,cnp(B!). Notice that either B} = B; or B; has a constraint on a, and so

“lasstanly(5) — p(B,). In any case. %8 (5) < p(B,). Then p(B) = ~Seelp(p) <

Loy a8l p(Bl) < Licnp(By). 0
Theorem 3.11 (Space of strategies). (Q,.A,P) is a probability space.

Proof. We prove it satisfies the Kolmogorov axioms.
15t axiom: VA € 4,0 < P(A) < 1.
Since P is defined as an inf of sums of p, and p is always positive, so P cannot be negative. By
the second Kolmogorov axiom P(Q) = 1. Notice that A is measurable and A C Q, so | =P(Q) =
P(QNA)+P(Q\A) =P(A)+P(Q\A), hence ] —P(Q\A) =P(A). Since P is not negative,
P(A) <.
21d xiom: P(Q) = 1.
Notice that Q is the box including all the functions. Hence, there is no condition on the functions
and so n = 0. Then p(Q) = 1. By Lemma 3.10, P(Q) = p(Q) = 1.
31 axiom: Any countable sequence of pairwise disjoint (i.e. incompatible) events A{,A; - - - € A, satis-
fiesP(Aj UA2...) =Y~ P(A).
Let @ £ I C N. Since the sets A; are in A, consider n € N\ I and we have

Pl Ja]=r|| UA|nA,|+P| | U A |nay;
ieN\/ ieEN\J ieN\/

n

Notice that (UieN\,Ai) NA, = A, and since the A;’s are pairwise disjoint (UieN\,Ai> NAY =
Uien\ (7ugny) Ai- Therefore, considering that this is valid for any / and n ¢ I, we have

(UA) =P(A;)+P <UA> =P(A;)+P(A2)+P (OA,-) == iP(Ai). O
i=1

i=2 i=3

Example 3.12. Consider the non-strongly-normalising non-confluent rewrite system described in the
introduction a; — a;;1, a; — aj, |, where each reduction is equiprobable and each symbol is different
from each other. It can be depicted as follows.

ap) —a; — ap >

NN

ap  a &
The probability that this rewrite system stops after exactly n steps, starting from term ag is P(B), with
B={f| f(ap) =ay,...f(a,—2) =a,_; and f(a,_;) = a/,}), and since B is a box, by Lemma 3.10 it is
1 1

the same to P(B) = p(B) = () pan ) = o
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The probability of stopping at the step n or before, starting at any point before a,_1, is just the
1

probability of the box {f | f(a,—1) = a],}, which is 5

The probability of stopping at the step n or m, starting at any point before a,_; and a,,_ is the
probability of the union of two boxes, however they are not independent events (its intersection is not
empty). Hence let By = {f | a,_; = a),} and B, = {f | a,,_1 = a},}. The probability P(B; UB;) =

1 1 3

P((Bl \Bz) UBz) = P(Bl \Bz) UP(Bz) = P({f | a, 1= a;l,amq = afn) —l—P(Bz) = I + 3 = 1

Finally, the probability of not stopping at all, is the probability of the set S = {f | f(a;) = a;4; for
i € N}, which is not a box, since there is an infinite number of conditions. It is easy to check that we
need an infinite number of boxes to cover such a set, however we can chose boxes as small as we want
(that is, with a big number of conditions), which makes the infimum of their sums to be 0, and so the
probability of not stopping is, as expected, 0.

In other words, P(S) < {f | f(a;) = a;+1,i € [0,n]} = 4, for any n. Hence when n tends to o, P(S)
tends to 0.

4 Transforming a non-deterministic into a probabilistic calculus

4.1 The calculus A

In [15, 16] we have introduced a non-deterministic calculus called A, which is a simplification of an
earlier probabilistic calculus by keeping non-determinism but removing explicit probabilities. Now we
can transform this calculus into a probabilistic one.

The full calculus is depicted in Table 1. Typing judgements are of the form r: A. A term r is
typable if there exists a type A such that r : A. Following [19, 22], we use a presentation of typed
lambda-calculus without contexts and where each variable occurrence is labelled by its type, such as.
AxA x or Ax*.yB. We sometimes omit the labels when they are clear from the context and write, for
example, Ax4.x for Ax* x4, We use different letters for different variables and the type system forbids
terms such as Ax*.x® when A and B are different, by imposing preconditions to when the typing rules
apply. Let S = {x‘;‘1 ,...,x4"} be a set of declarations, we write S/ when this set is functional, that is when
x; = xj implies A; = A;. For example {x*,yA=5 }f , but not {x* xA=8 }f . Typing rules have the following

structure:
Hypotheses

. - (Rule name)
Derived judgement

[Preconditions]

The a-conversion and the sets FV (r) of free variables of r and FV (A) of free variables of A are de-
fined as usual in the A-calculus (cf. [6, §2.1]). For example FV (x*y%) = {x*,y5}. We say that a term r is
closed whenever FV (r) = 0. If FV (r) = {x}',...,x}}, we write T(r) = {A},..., A, }. FV({A1,...,A,})
is defined by |Ji_; FV(A;). Given two terms r and s we denote by r[s/x] the term obtained by simulta-
neously substituting the term s for all the free occurrences of x in r, subject to the usual proviso about
renaming bound variables in r to avoid capture of the free variables of s. Analogously A[B/X] denotes
the substitution of the type B for all the free occurrences of X in A, and r[B/X] the substitution in r. For
example, (x*)[B/Y] = xAB/YD  (AxA x)[B/X] = AxAB/X] ¢[B/X] and (m4(r))[B/X] = Tas/x) (Y[B/X]).
Simultaneous substitutions are defined in the same way. Finally, terms and types are considered up to
o-conversion.

Each term of the language has a main type associated, which can be obtained from the type annota-
tions, and other types induced by the type equivalences.
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The operational semantics of A, is also given in Table 1, where there are two distinct relations
between terms: a symmetric relation = and a reduction relation <. We write =* and —* for the
transitive and reflexive closures of <= and — respectively. In particular, notice that =* is an equivalence
relation. We just write — when we do not want to make the distinction between these relations. We write
n.rin A, as a shorthand forr+---+r.

N
n times

This calculus has a non-deterministic projector. Indeed, the rule “If r : A, then ms(r +s) < r” is
not-deterministic because the symbol + is commutative, so if s : A, this rule can produce either r or
s non-deterministically. In any case, both reducts are valid proofs of A, and so the proof system is
consistent. Refer to [15] for details.

Grammar of types and terms

AB,.C,... := X|A=B|ANB|VXA .
r,s,t u= x| Ax'r|rs|r+s|m(r) | AX.r|r{4} .

Equivalence between types
AANB = BAA (AAB)AC = AN(BAC) , A= (BAC) = (A=B)AN(A=C) .

Rewriting system
Symmetric relation:

r+s=s+r, (r+s)t=rt+st , Ifr:A= (BAC), then
(r+s)+t=r+(s+t) , A (r+s) 2 A r+Axts Ta—p(r)s = mp(rs) .
Reductions:
(Axtr) s = r[s/x] , (AXr){A} —>r[A/X] , Ifr:A, then my(r+s) —r .
Typing system
L n— B nriA=B s:A
W=B g = Aq [(FV(r)u{x}) }),xA.r:A:>B =) [Fv@s)) =5 (=)
;TiA s:B r:ANB () r:A v, r:vX.A (%)
VS sTanB Y ma(r) A XerV Ol XA 7 r(B): A[B/X]

Table 1: The non-deterministic calculus A,

4.2 From non-determinism to probabilities (or from A to /’Lf)

Consider the following example (cf. [16, Example 5]). Two possible reduction paths can be fired from
(AX.(ma(x* +y%))){A}: Reducing first the projection, (AX.x*){A} < x4, or reducing first the beta
7o (x* +y4) < xA. The former path is deterministic and will always reduce to x*, on the contrary, the
latter can non-deterministically chose between x* and y*. However, in both cases a proof of A is obtained.

Hence, the non-determinism is present not only due to the projector, but also by a combination of not
defining a reduction strategy and the polymorphism, which can turn a deterministic projection into a non-
deterministic one. We want to associate a probability to the second case, that is, to the non-deterministic
projector (the 7 reduction). With this aim, we consider the following ARS, called ki. The closed normal

terms of A, are objects of li. If ry,...,r, are objects, then it is also an object. The function — is
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given by the relations = and <. In particular, if r : A, then m4(r +r) — r, with multiplicity 2, i.e.
— (ma(r+r),r)=2.

Theorem 4.1. Let (Q, A, P) be a probability space over li. Let By, = {f | f(ma(¥j=ymj.x;)) =1;} be
a box. Then P(By,) = v

Y m; times m, times

. N — —
Proof. NOthCthatP(ﬂA(Zi:1mi~l'i)) =Y = (Ta(Xisymix),0) =4[Tp, - o, Ty T = Y my
And — (ma (X7 mi.x;),r;) = m;. Hence, P(By,) = p(By;) = writ—. O

Zj:l mj

Definition 4.2 (The probabilistic calculus A?). Let A7 be the language of Table 1, with the following
modification:

Replace rule “If r : A, then ma(r+s) < r” by

“Fori=1,...,n,letr;: A ands /A, be closed normal terms. Then

n .
nA(Z m;.r;+8) < r; with probability nml ”
i=1 Zj:l mj

Remark 4.3. Notice that by Theorem 4.1 the probabilistic reduction is well defined.

4.3 The calculus Algﬁ

The calculus Algh is inspired from [5,24]. We restrict the algebraic calculus to only have probabilistic
superpositions, and we type it with a simple extension of System F (cf. [2, Def. 5.1]). The grammar of
terms ensures that the linear combinations of terms are probability distributions, however the type system
allows typing pseudo-terms, that is, terms that are not probability distributions. A term in this language,
is a term produced by the grammar of terms, and typed. The full calculus is depicted in Table 2.

4.4 From Alg. to A7

We give a translation from the probabilistic calculus Algh, including scalars, to the probabilistic calculus
AL,

['] = x* [rs] = [r][s] [[l‘{A}]] = [r}{A}
[Axtr] = 2] [AXa] = AX[r]  [EL 1d i) = ma (T me[ri])

wherer, A,d; e N* m,—n,(Hdk) fori=1,...,n.

Iqél
3 1 1
Example 4.4. Letr: A, t:Aands:A. [[Z.r—i— g.t—i— §'SH = Ty (192 [r] 4 32.[t] + 32.[s]). By Theo-
rem 4.1, this last term reduces to [r] with probability % , to [t] with probability m
£, and to [s] with probability m =1
Lemma 4.5.
1. [r]lA/X] = [r[A/X]]. 2. [r]{[s]/~] = [rls/~]-
Proof.

1. We proceed by induction on r.

o Letr=xP. [xf][A/X] = xB[A/X] = xBW/X] = [xBUW/X] = [xB[A/X]].
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Grammar of types
ABC,... == X|A=B|VXA .
Grammar of pseudo-terms
rs,t o= xX'|Ax'r|rs|AXr|r{A}|pr|r+s

Grammar of terms

n n>0,
rs,t i= x| Ax'r|rs|AX.r|r{A} | Zpi.ri with ¢ p; € Q(0,1] and
=1 Yiipi=1
Rewriting system
Symmetric relation:
r+s=s+r, (r+s)t=rt+st , lr2r .
(r+s)+t=r+(s+t) , A (r+s) 2 A r+Axts
Reductions:
Beta Elementary Factorisation
(Axrr)s—r[s/x] , P.q.x = pq.r , pr+qgr— (p+q)r .
(AX.r){A} —>r[A/X] , p.(r+s) = pr+ps,
Typing system
. r:B . .
e e A
qriA stA L r:A r:A v r:vX.A oy,
Dl (+) priA (Pi) XEFVI) a5 o A (v) r{B] : A[B/X]

Table 2: The algebraic calculus Algh.

o Letr = AxB.t. [AxB.A][A/X] = AxB.[t][A/X] = AxBA/X) (] [A/X] Z AxBIA/X] [t[A/X]] =
[AxBIAX] t{A/X]] = [(AxE.t)[A/X]].

o Letr=tt,. [tit][4/X] = [t:][A/X][t2][A/X] = [ts[A/X]][ta[4/X]] = [t [A/X]ta[4/X]]
[(tit2)[A/X]].

o Letr=AY.t,withY ¢ FV(A). [AY.t][A/X] = AY.[t][A/X] Z AY.[t{A/X]] = [AY.t{A/X]] =
[(AY.t)[A/X]].

o Letr =t{B}. [t{B}][A/X] = [t]{B}A/X] = [t][A/X]{B[A/X]} = [t[A/X]]{B[A/X]} =
[tiA/X[{BIA/X]}] = [(¢{B})[A/X]].

o Letr=Y/, % [Yl, 2 x][A/X] = ma (T mi.[ri]) [A/X] = 7 (£, my [ [A/X)) 2
7 (Liz mileilA/X]]) = [X, g nilA/X]] = [(EL, &) [A/X]]

2. We proceed by induction on r.

o Letr=ux". [x"]([s]/x] = x*([s] /x] = [s] = ["[s/A]]-

o Letr=y", [y'][[s]/+] =y*[[s]/x] = y* = "] = ["*[s/]].

o Letr = AyB.t. [AyB.A][[s]/x] = AyB.[t][[s] /x] £

AP [tls/x]] = [AP-tls/x]] = [(Ay®.t)[s/A]]-
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Letr = tit,. [tit2][[s]/x] = [t:][[s] /) [t2][[s] /] = [ta[s/][tals/x]] = [t [s/x]tafs/] =

[(tit2)[s/x]].

Let r = AX.t, [AX.t][[s] /x] iAX[[E]][[[s]]/x} IEAX.[[t[s/x]]] = [AX .t[s/x]] = ﬂ&A){t)ls/x]ﬂ

Let r = t{B}. Let FV(s) = X and Y be a set of free variables such that s[Y /X][X /Y] =s.

Then, [t{B}][[s]/x] = [¢]{B}[[s]/x] = [¢][[s[Y /X]/x]{B}[X /Y] = [t[s[¥ /X] /2] {B}[X /7]
= [t[s [?/)?]/X]{B}]][f/?] "2 t[s[Y /X /x){B}X V)] = [[(t{B})[S/XH]

Letr=Y7, d x X Zonl[A/X] = ma (X lm, IIrl]]) [A/X] = 74 (LI m. Hrl]][A/X])

T (L1 mi[rilA/X]]) = [[Z" 1 g-nilA/X]) = [ 7o) [A/X]] O

Theorem 4.6. [f r —* Y" | p;.t;, with t; in Algh, with Y1, p; =1 and [t;] —* s;, then [r] —* s; with

probability p; ( ’}lej)_l in AL

Proof. Letr:AinAlgh. Fori=1,...,n, assume p; = % with n;,d; € N*. We proceed by a case analysis
on the last reduction step to reach Y1 | p;.t;. l
o Ifr=Y",pi.t;, then my (Y} (Hk ! diny) Jt]) =" ma (XL (H’Z:! din;).s;) By Theorem 4.1, this
term reduces in one step to s; with probablhty v

n:
i1 dyn; il .

ITics dim | M de\ n
N n M| T, s =Di Z Pj .

Z?:] ( %&i dkni) Zi:1 El k=1 j=1

e Consider l.r = r, withr =Y7 | p;.t;. We have, [1.r] = m4(1.[r]) —* m4(1.s), which reduces with
probability one to s. Notice that s is a reduct of [Y! | p;.t:] = ma (X7 m;.[t1]). We conclude with
Theorem 4.1.

e Consider (Z?:erlpi-ti) + (X7, piti) =Y piti, with 1 <m < n. Since r : A, then each t; : A.
We have,

I Z plt—i-Zpl ]]—nA< Y, m. [[t]]—i—Zm, [t:] )znA (i‘imi.[[ti}o

i=m+1 i=1 i=m+1

where m; = [T, din;. We conclude with Theorem 4.1.
ki

e Consider Ax*.(r+s) 2= Axt.r+ AxA.s. We have [Ax*.(r+s)] = AxA.([r+s]) = Ax.ma ([r] +
[s]) —* Ax*.ma(x' +5') By Theorem 4.1, Ax*.74 (' +s') reduces to Ax*.r’ (which is a reduct of
[Ax*.x] = Ax*.[r]), with probability 5, and to Ax*.s’ (which is a reduct of [Ax*.s] = Ax*.[s]),
with probability 1.

e Consider (Ax*.r) s < r[s/x], with r[s/x] = Y7, piti. Then [(Ax*.r)s] = (AxA.[r]) [s] —
[r][[s]/x] which, by Lemma 4.5(2), is equal to [r[s/x|]] = [Li_, pi-ti] and this, by definition is

equal to my <Zl’.’_ = dkn,').[[t,']]> . We conclude with Theorem 4.1.
ki
e Consider (AX.r){A} — r[A/X], with r[A/X] = Y], pi.ti. Then, [AX.r{A}] = AX.[r[{A} —
[r][A/X], which by Lemma 4.5(1) is equal to [r[A/X]] = [Y1, pi-ti] = 7ma (erf_l( 1 dkni).[[ti]]> .
ki

We conclude with Theorem 4.1.
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e Consider p.q.r — pg.r. Let p.g.r: A. Since pgr =Y} | pi.ti with Y , pi =1, we have n =1
and pg = p; = 1. Also, since p.q.r is a term, p = g = 1. So, we have [1.1.r] = my(1.[l.r]) =
ma(l.ma(1.]r])) —* ma(1.ma(1.5)) Notice that this term reduces with probability 1 to m4(1.s),
which is a reduct of 74 (1.[r]) = [1.r].

e Consider p.(r; +1r2) < p.r; + p.ra. Since p.ri+pry =Y, piti, with Y7, p; = 1, we have
n=2and p= % however in such case %.(rl +13) is a pseudo-term, not a term.

e Consider p.r+gq.r — (p+gq).r. Since (p+q).r=Y" , pi.t;, with Y., p; =1, we have n = 1 and
p+g=1Letp=" theng= <" So, [p.r+q.r] = ms(dm.[r] + (d(d —m)).[r]) = ma(d*.[r]),
which reduces with probability 1 to s, where [r] —*s.

e Contextual rules are straightfoward. O

4.5 Back from A to Algl

The inverse translation is given by

) =« (rs) = (r)(s) (r{A}) = (r){A}
(Axtx) = Axt.(r) (AX.r) = AX.(r) (r+s) = (r)+(s)
If 74 (t) < s; with probability p;, fori=1,...,n, (ma(t)) = Y7, pi-(si)

Remark 4.7. This translation does not admit translating a term of the form 74 (t) in normal form. More-
over, let IT be the rule “my—(r)s = mp(rs) withr : A = (BAC)”, then the translation keep reductions,
except for the one using rule I, as expressed in Theorem 4.9.

Lemma 4.8.

1. (r)[A/X] = (r[A/X]) 2. (e)[(s)/x] = (rls/lD

Proof. Both items follow by induction on r. Cases xB, AxB t, t;ty, AY.t and t{B} are analogous to those
in proof of Lemma 4.5. Hence we only need to verify the case mz(t), when r < r; with probability p;,
fori=1,...,n.

1. (mp(t))[A/X] = (X1 pi-(ri))[A/X] = X1, pi-(ri) [A/X], which by the induction hypothesis, is
equal to Y1, pi.(rifA/X]) = (g1 /x) (A /X])) = ((76(t))[A/X]).
2. (mp(t))[s/x] = (X, pi-(ri))[s/x] = X, pi-(ri)[s/x], which by the induction hypothesis, is equal
to Yy pi-(rils/x]) = (ma(tls/x])) = ((75(t))[s/x]). O
Theorem 4.9. Letr,s,s; in AL.
o Ifr s, then (r) = (s).
o [fr < s, with probability 1, then (r) < (s), except if the reduction is done by rule I1.

o Ifr < s; with probability p;, fori=1,...,n, then (r) =Y, pi.(si).

Proof. Case by case analysis.
e Consider r+s = s+r. Notice that (r+s) = (r) + (s) = (s) + (r) = (s+7r).

e Consider (r+s)+t=r+ (s+t). Notice that ((r+s) +t) = ((r) + (s)) + (t) = () + ((s) + (t)) =
(r+(s+t)).
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Consider (r+s)t = rt+st. Notice that ((r+s)t) = ((r) + (s))(t) = (] D (t) + (s (t) = (rt+st).
Consider Ax*.(r+s) = Ax*.r+ Ax*.s. Notice that (Ax*.(r +s)) = Ax*.((r) + (s)) = Ax.(r) +
A (s) = (Axt.r + Axt ).

Consider (Ax*.r)s < r[s/x]. Notice that ((Ax*.r)s) = (Ax*.(r))(s) < (r)[(s)/x], and this, by
Lemma 4.8(2), is equal to (r[s/x]).

Consider (AX.r){A} < r[A/X]. Notice that ((AX.r){A}) = AX.(r)[A/X] < (r)[A/X], and this,
by Lemma 4.8(1), is equal to (r[A/X]).

Consider ma (Y}, m;.r; +5s) < r; with probability ):n where r;: A ands/A are closed normal
terms. Notice that, by definition, (ms (X7, m;.r; +s)|) " W(]r,[) O
j= g
Conclusion

In this paper we have defined a probability space on the execution traces of non-confluent abstract rewrite
systems. We define a sample space on strategies deciding the rewrite to apply at each state (cf. Defini-
tion 2.2).

Our main motivation has been to be able to use this probability space in non-deterministic calculi,

hence being able to encode a probability superposition of the kind o.t + .r, with oc + 8 = 1, as a term
having probability o of rewriting to t and probability B of rewriting to r. As an example, we provided
such an encoding from an algebraic calculus into a non-deterministic calculus.
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