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ABSTRACT

We investigate a language similar to a process algebra for DNA computing introduced by
Cardelli. For such a language we relate two formal semantics. We define a new denotational
semantics by using complete metric spaces, in which various semantic functions are defined as
fixed points of appropriate higher-order mappings. We compare this denotational semantics
with an operational semantics, and establish a formal relationship between them by using
an abstraction operator and a fixed point argument. In this way we prove the correctness of
the denotational semantics with respect to the operational one.
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1 Introduction

We design and relate formally operational and denotational semantic models for a process
algebra language - that we name Lpya - which incorporates some basic concepts of DNA
computing. The language Lpy4 is based on the combinatorial ”strand algebra” introduced
in section 2 of [7].! The relevance of Lpy4 for DNA computing is explained in [7]. We define
an operational semantics O for Lpya based on a DNA reaction relation introduced in [7].
We also define a new denotational semantics D for Lpya. We show that the operational
semantics is equal to the denotational meaning to which an abstraction operator abs is
applied: O = absoD. In this way we establish the correctness of the denotational semantics
with respect to the operational semantics (D makes at least the same distinction between
meanings as O does).

In this paper Lpya is a formal language with typical elements P,(Q, R, that we call
components. We describe the syntax of Lpn4 in BNF as follows:

P:=0 |z | g|P|P| P

An inert component is indicated by 0. z is a signal. g is a gate. Py || P is the parallel compo-
sition of P; and P,. Intuitively, an Lpy4 component describes a concurrent combination of
several signals and gates that can interact as explained below. The construction P* describes
an unbounded (inexhaustible) population. Intuitively, a population P* is an infinite resource,
storing an infinite number of copies of the component P. The construction for populations
is based on the replication operator from the 7 calculus [15]. P* and P || P* behave the
same; formally, we express this as follows: P* = P || P*, where = (C Lpna X Lpya) is a
congruence relation called mizing (= was introduced [7]).

We assume given a countable set X of signals with typical elements z,y. A gate is an
operator from signals to signals ([z1,...,2,].[y1,...,Ym]), able to join the signals z1, ..., x,
and to fork the signals y1, ..., y,,. We consider that the order of signals is irrelevant, hence
a gate is a pair of multisets.? In £py4 signals and gates combine in a multiset of elements
(a ’chemical soup’) that proceed concurrently.®

In such a multiset of concurrent Lpya components, when n signals zq,...,x, com-
bine in parallel with a gate ([x1,...,Z.].[Y1,..,¥m|) they can react (or interact). The
signals x1,...,x, and the gate are consumed in the interaction. The signals v, ..., y,, are

released and become available for further interactions. Cell structures cannot grow arbi-
trarily large. It is reasonable to assume that there exists £k € N such that for any gate
([x1, -, zn)-[Y1, - - -, Ym]) We have n < k, i.e., the number of signals in the input part of the
gate is always lesser than or equal to k. The behavior of such a system is expressed formally
in [7] by a reaction relation — (C Lpya X Lpna) and the following rule:

oy || e || (s el g ym]) — o - ym

n [7] the language is named P.

2Intuitively, a multiset is a collection where an element may occur more than once, an unordered list; a formal
definition is provided in section 2.

3The concurrent combination of several processes is a multiset because, in general, multiple copies of a process
may be executed in parallel.
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In this rule the multiset [z1,...,x,] behaves as a join pattern. Join patterns and join
synchronization were investigated in the context of join calculus [10]. The ability to join
and fork signals and to combine signals and gates into populations are specific of the strand
process algebras given in [7].

Process algebras describe formally the behavior of multiple processes running concur-
rently. In general, a process algebra only provides compositionality at the level of the syntax,
in terms of operators which can combine simple components into more complex ones.

Denotational semantics (initially known as mathematical or Scott-Strachey semantics) is
an approach of formalizing the meanings of programming or specification languages. The
main principle in the denotational approach is the semantic compositionality: the denotation
of a composite construction is defined solely based on the denotation of its syntactic com-
ponents. An elegant theory of domains has been developed, which may use order-theoretic
structures [11] or metric spaces [3, 5].

In this paper we use the metric approach to semantics described in the monograph [5].
The main mathematical tool is Banach’s theorem, which states that contracting functions
defined on complete metric spaces have unique fixed points. We define various semantic op-
erators as fixed points of appropriate higher-order mappings. Also, we use semantic domains
that are complete metric spaces. The semantic domains are defined as solutions of reflexive
domain equations solved by using the method introduced in [3].

We extend the binary reaction relation introduced in [7] to a ternary relation —C
Lpna X G X Lpya, where (g €)G is the set of gates. FEach element of — is a triple
(P, g, P') written as P -2+ P’. We label each reaction with the gate that is involved in the
reaction. If g = ([z1,..., 2] .[y1,- .., Ym]) then

vl lzallg == vl ym

The gates become observable items that capture the information expressed by interactions.
We obtain a labeled reaction relation that we use in the definition of an operational semantics
O : Lpna — P. The semantic universe P is a linear-time domain. The elements of P are
(non-empty and compact) collections of sequences of observables (gates).

The semantic universe of D is a branching time domain Pp. An element of Pp is a tree-
like structure whose nodes represent nondeterministic choice points. We need a branching
domain to model in a denotational (compositional) manner then synchronization mechanism
on which Lpy4 is based. The elements of the domain P (that we use as semantic universe
for the operational semantics) are collections of sequences, i.e., linear (or non-branching)
structures. The terminology ’linear time’ versus 'branching time’ is often used in denotational
semantics [4],[5].

We investigate the correctness of the denotational model D. A denotational semantics
is said to be correct with respect to a corresponding operational semantics if whenever the
denotational meanings of two language constructs are equal the operational semantics of
the two language constructs are also equal in any syntactic context. A formal definition is
provided in section 2.4. As it is known, in order to prove the correctness of D it is sufficient
to find an (abstraction) operator abs : Pp — P (which, in general, is not injective) such
that O = abs o D, where o is the operator for function composition [5]. We define such
a function abs that takes Pp processes, which are tree-like structures, as arguments and
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yields collections of sequences as results. In order to prove that O = abs o D, we introduce
an alternative operational semantics O4 : Lpya — P and a (branching time) intermediate
operational semantics: Op : Lpya — Pp. In the definitions of O4 and Op we use a new
ternary relation =-C Lpya X A X Lpya, that we call a transition relation. (o €)A is a
strict superset of G(G C A). An element of = is a triple (P, o, P'), written as P == P’

The transition relation = extends the reaction relation — in order to express the
interaction capabilities of Lpya components. In the case of =, a label may be either a
DNA gate (g € G) representing a successful reaction, or an attempt to participate in a DNA
interaction. Such a DNA interaction attempt is a multiset, comprising zero or more signals
and (eventually) a gate, that could participate in a successful DNA reaction.

We prove that O = Oy, Oy = abs o Op and Op = D. It follows that O = abs o D. We
conclude that the denotational semantics is correct with respect to the operational semantics.

2 Mathematical preliminaries

The notation (z,y,... €)X introduces the set X with typical elements x,y, ... ranging over
X. By P(X) we denote the power set of X, i.e. the set of all subsets of X. The notation
Pr(X) denotes the power set of X that have property w. For example, Py, (X) is the set of
all finite subsets of X, and P, s, (X) is the set of all finite and nonempty subsets of X.

2.1 Multisets

A multiset is a generalization of a set. Intuitively, a multiset is a collection in which an
element may occur more than once. We can present a multiset of elements of type X by
using a function from X to N, or a partial function m : X — NT, where NT = N\ {0},
namely the set of natural numbers without 0. m(x) is called the multiplicity of x (the number
of occurrences of x in m). More about the mathematics of multisets can be found in [1].
Let X be a countable set. We denote by [X] the set of all finite multisets of elements

of type X, ie., [X]" UAeme(X){m | m € (A — N*)}. Since X is countable, Py, (X) is
also countable. An element m € [X] is a multiset of elements of type X, namely a function
m:A— N, where A € Py, (X) is such that Vo € A : m(x) > 0. We can define various

operations on multisets my, my € [X]. Below, dom(-) is the domain of function ’-’.
o Multiset sum: myWmy (W: ([X] x [X]) = [X])
dom (my Wmy) = dom (m;) U dom (msy)

)+ mao(x) if x € dom(my) N dom (my)
(myWmy)(z) =< my(x) if € dom(my) \ dom(my)
) if 2 € dom(mgy) \ dom(m;)
(

dom (my Umgy) = dom (my) U dom (my)
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mazx{m(z),ms(x)} if x &€ dom(my) N dom(my)
(myUmg)(z) = my(x) if 2 € dom(my) \ dom (my)
ma(x) if 2 € dom(mg) \ dom(m)

Multiset difference: mq \ mq (\ : ([X] x [X]) = [X])
dom (my \ mg) =
(dom(my) \ dom(my))U{x | z € dom(m;) N dom (my),mi(x) > mo(x)}

if x € dom(my) \ dom(my)

f my(z)
(m1\mg)(x) = { mi(z) — ma(z) if 2 € dom(my) N dom (ms) , my(z) > ma(z)

Submultiset: my C ma (C: ([X] x [X]) — Bool)

my C my iff (dom(my) C dom(ms)) A (Yo € dom(my) : my(z) < mo(z)).

Cardinal number: |m| (€ N)

mi= > i)

z€ dom (m)
e Domain restriction: my \\mg (\\ : [X] x [X] — [X])

dom (my \\ my) = dom(my) \ dom (msy)

(my \\ m2)(x) = my(x), Vo € dom (my) \ dom(msy)

Duplicates removal:  {|m[} ({ - [} : [X] = [X])
dom ({mf}) = dom (m)
{m[}(x) = 1, Vx € dom(m)

We write m; = msy to express that the multisets m; and my are equal. m; = mo iff
dom (m,) = dom(mgy) and Yz € dom(my) : my(x) = mo(z). The notation m; # ms means
that the multisets m; and my are not equal, i.e., =(m; = my). Also, we write m; C mg
whenever m; C mgy and my # ma, i.e. my is a strict submultiset of ms.

We can also represent a multiset m € [X| by enumerating its elements between paren-

theses [ and ’]’. Notice that the elements in a multiset are not ordered; intuitively,
a multiset is an unordered list of elements. For example, [] is the empty multiset, i.e.
the function with empty graph. Another example: [z1,x1, 22| = [21,22,21] = |22, 21, 21]

is the multiset with two occurrences of x; and one occurrence of s, i.e. the function
m :{x1, 2} = NT m(x1) =2, m(xs) = 1. Intuitively, the cardinality (or size) of a multiset
is the total number of elements that it contains (taking into account the multiplicities). For
example, |[x1,x1,x2]| = 3, and [[]| = 0. Notice that m =[] & |m| = 0.

The definitions of multiset sum and multiset union should be clear. We consider the
following examples: [z1, 1] U [x1, 22] = [x1, 21, 22), and [z, 21| W [, 23] = [21, 21, 21, 22].
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my \ ms is a multiset difference operation. Notice that an element = € dom(my) N
dom (my) occurs in (mq(x) — mo(z)) times my \ mo whenever my(x) > mo(x). my \\ my is a
more strict operation which simply restricts the domain of m, \\ my to dom (m;) \ dom (my).
For example, [z1, 21, T2, o] \ [x1] = [1, 22, 2], and [xq, 1, T2, o] \\ [21] = [22, x2]. We also
give an example for the duplicates removal operation: {|[z1,x1, T2, 2]} = [21, 2]

When (z €)X is a countable set we use the following notation convention. We denote
by T typical elements of [X], i.e., T € [X] is a multiset of elements of the type X. Also, we
denote by [X]<x the set of all all finite multisets over X that have cardinality less than or
equal to k, for any k € N*:

(Xl<r = {7 |7 € [X],[7] <k}

2.2 Metric spaces

The semantic models given in this paper are designed following the mathematical method-
ology of metric semantics [5]. More exactly, we work within the mathematical framework of
1-bounded complete metric spaces. We assume the following notions are known: metric and
ultrametric space, isometry (distance preserving bijection between metric spaces, denoted
by 2%), complete metric space, and compact set. For details, the reader may consult the
monograph [5], for instance.

Example 2.1 Let (a,b €)A be a set. We employ the following metric structures, which are
frequently used in semantics.

(a) The discrete metric d : A x A — [0,1] is defined as d(x,y) = if x=y then 0 else 1.
(A,d) is a complete ultrametric space.

(b) Let (x,y €)A® = A* U A%, where A* (A¥) is the set of all finite (infinite) sequences
over A. A metric over A® can be defined by: d(z,y) = 27 swinlehl=vll} yhere 2[n]
denotes the prefix of x of length n, in case length(z) > n, and x otherwise (by conven-
tion, 2=°° = 0). d is a Baire-like metric. (A>,d) is a complete ultrametric space.

We write a sequence in A by listing its elements. For example, a;...a, is a finite
sequence of length n, and a¥ = aaa . .. is an infinite sequence. We use the symbol ™’ as a
concatenation operator over sequences and also as a prefizing operator. In particular,
ifa € A, x € A, a - x is the sequence obtained by prefiving a to x. Note that, if
z,y € A% then d(a-z,a-y) = 5 - d(z,y).

We recall that if (X, dx), (Y,dy) are metric spaces, a function f:X —Y is a contraction
ifdce R, 0<c<1, Vo, 20 € X : dy(f(x1), f(x2)) <c-dx(z1,72). In metric semantics, it
is usual to attach a contracting factor ¢ = % to each computation step. When ¢ = 1 the

function f is called nonexpansive. We denote by X Y the set of all nonexpansive functions
from X to Y.

Let f: X —X be a function. When = € X is such that f(z) =z, we call z a fized point
of f. When this fixed point is unique, we write x = fiz(f). The following theorem is at the
core of metric semantics.
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Theorem 2.2 (Banach) Let (X,dx) be a complete metric space. FEach contraction f :
X —X has a unique fized point.

Definition 2.3 Let (X,dx), (Y,dy) be (ultra)metric spaces. We define the following metrics
over X, X =Y (function space), X XY (Cartesian product), X +Y (disjoint union defined
by X +Y = ({1} x X)U ({2} xY)), and P(X) (powerset of X ), respectively.

(a) d%X X X X—)[O, 1], d%.X(ZL’l,[L’g) = % . dx(l’l,l'g)

(b) dy _y : (X =Y) X (X =Y) =[0,1], dy 5 (f1, f2) = sup,ex dy (f1(2), fa())
(c) dxxy : (XXY)x(XxY)—=[0,1], dxxy ((z1,91), (22,y2)) = mazx{dx(z1,x2), dy (Y1, y2)};
(@) dyoy (X +Y) x (X +7) (0,1,
dxiy(u,v) = if (u,v € X) then dx(u,v) else if (u,veY’) then dy (u,v) else 1
(e) dy : P(X) x P(X)—[0,1], du(U,V)=maz{sup,cy d(u,V),sup,cy d(v,U)}, where

d(u, W)=infyew dx(u,w) (by convention sup §=0 and inf 0=1); dy is the Hausdorff
metric.
We use the abbreviations Pu,(X) and P,.(X) to denote the powerset of compact and

non-empty and compact subsets of X, respectively. Also, we often suppress the metrics part
in domain definitions and write, e.g., % - X instead of (X, d%, x)-

Remark 2.4 Let (X, dx), (Y, dy),d%,X, dy .v,dxxy, dx+y and dg be as in Definition 2.5.
Ifdx,dy are ultrametrics, then so are d%,X,dxﬁy,dXXy,dXer and dy. Moreover, if (X, dx),

(Y,dy) are complete then % - X, XY, X—1>Y, X XY, X+Y, Po(X) and Ppeo(X) with
their metrics defined above are also complete metric spaces [5].

2.3 Bisimulation semantics

We assume the reader is familiar with the way an operational semantics can be defined based
on a (labelled) transition system, embedded in a deductive system in the style of structured
operational semantics [16]. To reason about the behavior specified by a transition system
we use the notion of a strong bisimulation relation [15].

Definition 2.5 A transition system T is a triple (X, A, —), where (x €)X is a set of config-
urations, (a €)A is a set of observations, and — is a subset of X X Ax X (—C XxAxX).
One usually writes x —— ' to express that (x, o, ') €—.

Definition 2.6 Let T' = (X, A, —) be a transition system. A strong bisimulation on T is a
relation B C X x X which satisfies the following property. For each x1,x9 € X, if x1Bxo
then (i) and (ii) hold

(i) If vy -5 2 then there exists xly such that xo —— xf and 2| Bx).
(i) If vy — ) then there exists o such that 1 — ' and 2 Bx).

where we write tBx' to express that (z,2') € B.
We say that x1 and xo are strongly bisimilar, written x1 ~ xs, if there exists a strong
bisimulation B such that x1Bx,.
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2.4 Semantic correctness

A semantics is a function M : £ — M, where £ is a (formal) language and M is a math-
ematical domain (of meanings). A language is a collection of syntactic forms. We assume
the reader is familiar with the formal description techniques that we employ in this paper,
namely denotational semantics and operational semantics.

Let (P, @ €)L be a language, C' a typical element of a class of syntactic contexts for L,
D : L — D a denotational (compositional) semantics, and O : £ — O an operational
semantics. Intuitively, a syntactic context is a language construct with "holes’. For a given
context C' we denote by C'(P) the result of replacing all occurrences of the 'hole” symbol (-)
with P in C. The notion of a syntactic context is exemplified in Definition 3.4 for the language
Lpna-

The denotational semantics D is said to be correct with respect to the operational seman-
tics O if whenever the denotations of two language elements are equal then the operational
meanings of the two language elements in any syntactic context are also equal. Formally, D
is correct with respect to O if the following condition holds:

VP,Q € LID[P] = D[Q] = vVC[O[C(P)] = O[C(Q)]]]

Remark 2.7 As it is well-known (see chapter 17 in [5]), in order to prove the correctness
of D it is sufficient to find an operator abs : D — O (which, in general, is not injective)
such that: O = abs o D.

If the denotational semantics D is correct and it is also complete with respect to O
then D is said to be fully abstract. In this paper we do not need to define formally the notion
of semantic completeness. The full-abstraction problem was first raised by Robin Milner
(13, 14].

3 Syntax of Lpya

An informal description of Lpya was already presented in Section 1. In this section we give
the formal definition of the syntax of Lpy4. We assume given a countable set (z,y €)X of

signals. We model a gate as a pair of multisets, written as ([z1,...,Z,].[y1, ..., Ym]). Cell
structures cannot grow arbitrarily large. It is reasonable to assume that there exists &k € N
such that for any gate ([z1,...,2,].[y1,...,Ym]) we have n < k, i.e., the number of signals

in the input part of the gate is always lesser than or equal to k.

Remark 3.1 In the rest of the paper we assume given a positive natural number k € NT
that imposes an upper limit on the size of the input part of any gate. However, note that
the k can be chosen arbitrarily large. k is a parameter of the specification of Lpya. The
same k will be used in all subsequent sections, both in syntactic and in semantic definitions.

We define the set of gates by (g €)G = ([X]<x \ {[]}) x [X].* A gate g(€ G) is a pair of
multisets of signals (Z,7), such that T is not empty (T # []) and the cardinality of T is lesser

4The notations [X] and [X]<j were introduced in Section 2.1.
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than or equal to k (0 < |Z| < k). In [7] a gate (T,7) is written as Z.7. We use a similar (but
slightly different) notation. We write a gate (Z,7) in the form (Z.7). For easier readability
we will use the same notation for gates both in the syntactic representation and in semantic
computations.

Definition 3.2 The language (P,Q, R €)Lpna is defined by:
P:=0 |z | g|P|P | P

The syntax of Lpya is given in Definition 3.2. We use the term component to refer to
any (syntactic) element of Lpna. Lpya provides elementary components called signals and
gates, a construction for parallel (concurrent) composition, and a construction that can be
used to express unbounded (inexhaustible) populations of components [7].

We denote typical elements of Lpya by P,Q, R. 0 is the inert component. = € X is
a signal. g € G is a gate of the form ([z1,...,2,].[y1,- -, Ym]), With 0 < n < k,0 < m.°
P, || P, is the parallel composition of P, and P,. P* is an unbounded population. The
construction P* can be used to generate an arbitrary number of concurrent copies of P.

A gate ([z1,...,%n).[¥1,...,Ym]) can interact with n concurrent signals zi,...,z, as
explained informally in Section 1. The multiset [zi,...,x,] behaves as a join pattern [10].
In the subsequent sections we will describe such interactions formally.

By using the operators for parallel composition and populations, signals and gates can
be combined into a multiset (a ’soup’) of concurrent components that can interact. When
a gate The gate joins the signals x4, ..., x,, forks the signals v, ..., y,, and is consumed in
the interaction [7].

Remark 3.3 The language Lpy 4 is similar to the process algebra P introduced in Section 2
of [7].6 The two languages provide the same constructions, but the size of (the input part of)
any gate is limited by k in Lpya.

Let g = ([z1,...,2,].7) be a gate whose input part is a multiset of size (cardinality) n.
Such a gate can participate in interactions that involve n + 1 concurrent components: g and
the signals x1,...,x,. Hence, in Lpna an interaction involves at most k + 1 concurrent

components: a gate of size at most k and at most k concurrent signals. By choosing k
sufficiently large any interaction that can be modeled in P can also be modeled in Lpna. In
this sense, Lpya is not less expressive than P.

We will present a denotational model for Lpy4 which is correct with respect to a cor-
responding operational model. The concept of semantic correctness (see Section 2.4) is
defined by using the notion of a syntactic context, which is specific of the language under
investigation.

5The reader may wonder why we use the semantic notion of a multiset in the syntax definition of Lpna. It
would be easy to make a complete separation between syntax and semantics. For example, we could define
the class of gates by g ::= (z7.2*), where 2T is a finite and nonempty sequence of signals of length less than
or equal to k, and x* is a finite, possibly empty, sequence of signals. Instead, we use multisets because the
order of signals in a gate is irrelevant. In this way we also avoid some obvious conversions between sequences
and multisets.

6P is called combinatorial strand algebra in [7).
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Definition 3.4 The class of syntactic contexts for Lpya is given by: C == () |0 ]|z | g |
C*| C || C. We use the notation C(P) to represent the Lpna component that is obtained
by substituting P for all occurrences of the ’hole’ symbol (-) in the context C'. C(P) can
be defined inductively: (-)(P) = P,0(P) = 0,z(P) = z,9(P) = ¢g,C*(P) = (C(P))* and
(C1 || Co)(P) = Ci(P) || Co(P).

4 Reactions and operational semantics (O)

The operational semantics of the combinatorial strand algebra P presented in section 2 of [7]
is based on two relations, called mizing and reaction, respectively. In [7] the both relations are
defined as binary relations. In this paper we extend the reaction relation to a ternary relation
—C Lpya X G X Lpya. The elements of the set G (of gates) are used as observables in
the definition of the operational semantics. The operational semantics yields (nonempty
and compact) collections of sequences of gates. Intuitively, in this semantic model a gate
g=([x1,...,xn].[Y1,.-.,ym]) € G is an observation that describes an interaction between g
and n concurrent signals z1, ..., x,.

We introduce the mixing relation = for Lpy4 in Definition 4.1. Mixing is a congruence
relation axiomatizing a well-mixed solution [7, 6]. Next, in Definition 4.2 we introduce the
reaction relation — for Lpy4. The axioms and rules that describe = and — are taken
from [7], and adapted to Lpya. The configurations that we use in the definitions of = and
— are Lpy4 components. Also, — is extended to a ternary relation.

Definition 4.1 The relation =C Lpnya X Lpna, called mixing, is the smallest relation
satisfying the following properties:

(E1) P=P (equivalence)
(B2) P=Q=Q=P

(E3) P=Q,Q=R=P=R
(C1) P=Q=P| R=Q| R (congruence)
(C2) P=Q = P*=Q

(D1) P|0=P (diffusion)
(D2) PllQ=Q| P

(D3) P (QIR)=(P[Q) R
(P1) P*=P | P* (population)
(P2) 0 =0

(P3) (P Q) =P | Q
(P}) P = P
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Definition 4.2 The relation —C LpnaXGXLpna, called reaction, is the smallest relation
satisfying the rules given below. The elements of — are triples (P, g, P') € Lpya X G X
Lpna, that we call reactions. We write P 25 P’ to express that (P, g, P') €—.

(R1) x| lzallg == vl || Ym (gate)
where g = ([x1, ..., 2a].[Y1, ., ym]) € G
pP - p

R2
( )PIIQi>P’IIQ

(dilution)

P=Q,P=qQ,Pp-L P

R3 well mixing
(R3) 0y ( )
Rule (R1) was explained informally in Section 1. It describes the interaction between a gate
and a corresponding multiset of signals. If m = 0 in (R1) then y; || -+ || ym is replaced

with 0 [7]. Notice that, according to properties (D2) and (D3), the parallel composition
operator || is associative and commutative. Hence, in rule (R1) the components can be
written in any order and any order of association can be used. We use a standard notation
and terminology for inference rules. Rule (R1) is an axiom. According to rule (R2), whenever
P %5 P we also have P || Q@ -2 P’ || Q. Rule (R3) allows mixing = to be used at any
point in inferring reactions.

In Definition 4.3 we present an operational semantics O for Lpya. The definition of O is
based on observable interactions, each interaction representing a (successful) DNA reaction.

Definition 4.3 (Operational semantics O) We write P —~ to express that P has no reac-

tions, i.e., there is no g and P’ such that P 25 P'. Let (q €)G™ be the complete space of
all finite and infinite sequences over the set G (of gates). We use the symbol € to represent
the empty sequence over G.” We define O : Lpya — P(G*>) by:

O[P] = {¢} if P—
OlPl ={9192- 9o €G* | Py = P, P, AR PV1<i<n,P, -/} U
{9192+ € G| Py=P, Py = P,Vi>1}

Remark 4.4 Forany P € Lpya, O[P] # 0, i.e., O[P] is always non-empty. We will prove
that, actually, O[P] yields a (non-empty and) compact collection of sequences of interactions
(see Remark 7.14).

Examples 4.5

() Olz] = O[([z]. ] = {e}, and Ol || ([«].[)] = {([=].[)}, vz € X.

"The construction G™ = G* U G¥ was introduced in Section 2.2. The empty sequence ¢ is an element of G*
(e € G¥).
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(0) @ || ([=]-[ya]) Il ([]-[g]) % yull ([l [ge]) and yo || ([2].[y2]) == Also,
o () lon]) | () 2]) —— wo | (@)-loa)) and wo || (). lsn]) —. Therefore we

obtain:

Ol [ ([#]-[ya]) [ ([#]-[y2)] = {([2]-[va]), ([2] - [w2]) }-

Lemma 4.6 Mizing (=) is a strong bisimulation with respect to reaction relation (— ).

Proof: It suffices to notice that, assuming P = Q and P -2 P’, we can take Q' = P’
(which implies Q' = P’) and, by using rule (R3), we infer Q -2 Q'

Remark 4.7 For any P € Lpna, the operational semantics O[P] is a collection of se-
quences of gates (DNA reactions) expressing the behavior of component P. It may not be
obvious that O[P] contains sufficient information to express the behavior of P.

We can prove the following property: (*) for any Lpya component P and gate g (ei-
ther there is no P' such that P <> P’ or) there is a unique component P’ (up to miz-
ing bisimulation) such that P~ P'. Therefore, any sequence of DNA reactions (gates)
g1---Gi-.. € O[P] can be used to recover a corresponding sequence of Lpna components
PP,...P;.... The sequence PPy ... P;... 1s uniquely determined up to mixing bistmulation.
More precisely, for a given sequence gy ...g;... € O[P], if we put Py = P}, = P, and if
P, % PVi>1, and P._, 25 P/ Vi >1, then P, = P/,Vi > 0.

The property (*) justifies our design decision to use Lpya gates as observable elements
in the definition of the operational semantics O[-]. However, the property is not needed in
the proof of the main semantic correctness result given in Section 8. Hence, we postpone its
presentation to Section 9. The property (*) is stated formally in Section 9 as Proposition 9.1.

According to Example 4.5(a), the operational semantics O is not a compositional se-
mantics. In the next section we present a denotational (compositional) semantics D for

Lpna.

5 Denotational semantics (D)

We offer a denotational (compositional) semantics for Lpy 4. In order to express the multi-
party (join) synchronization mechanism on which £py 4 is based in a compositional manner
we employ a branching domain Pp. The domain Pp is specified as the solution of a domain
equation. The presentation is organized as follows. In Section 5.1 we describe the semantics
of interaction at the level of elementary £py4 components. Next, in Section 5.2 we introduce
the domain Pp and we define the semantics of parallel composition. In Section 5.3 we give
the equations that define D in as a compositional mapping.

5.1 Semantics of interaction

In order to achieve a compositional semantics for Lpya we introduce a set I of interaction
attempts.
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Definition 5.1 The set I of interaction attempts is defined by:

I=(X]<\{[DHU{(9,7) |9 € G,g=(z.9),7 € [X],7 C 7}
Let (a €)A =G U I. Obviously, GNI = (.

In our semantic models a gate g = ([z1, ..., %] .[y1, - . -, Ym]) describes a successful interaction
between ¢ and n concurrent signals 1, ..., z,. An interaction attempt contains only partial
information related to such an interaction. An interaction attempt could be a nonempty
multiset of signals; recall that at most k signals can participate in an interaction in Lpya
(see Remark 3.1), hence such a multiset representing an interaction attempt has cardinality
lesser than or equal to k. An interaction attempt could also consist of a gate g = (Z.7) and
a (possibly empty) multiset ', such that ¥ C T (7’ is a strict submultiset of 7).

Definition 5.2 Let (o €)A’ = AU {1}, with T a distinct element, T¢ A. We define an
interaction function v: A" x A" = A" as follows:

(T, ) =v(a, 1) = (1, 1) =1
Y((g1,71), (92, T5)) =1

7(g,a) =~(a, g) =1

| mwm,y if T wE] <k
V(@1 ) = { 0 otherwise
2 if o =(Z.9),T1WTH, =T
V(@1 (92,75)) = (92,710 T,) if g = (Z.7), T1 0T, CT
T otherwise
g1 if g1 =(T.9), T WT, =T
Y((91,71),T2) = (91,7287 if g1 = (T.9), W7, CT
T otherwise

fOT any o € A; 9,91, 92 € G; E17527 (glafll)v (g27fl2) S I

One can check that the interaction function ~ is associative and commutative. The proof of
the following Lemma is (laborious but) straightforward.

Lemma 5.3
(a) (a1, a0) E A=y €1, ay € 1.

(b) v is commutative and associative.
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5.2 Semantic domain and semantic operators

The denotational semantics of Lpya is defined based on the branching domain Pp given
in Definition 5.4. Pp is specified as the solution of a domain equation. The technique for
solving such domain equations was already introduced in [3].

Definition 5.4 We define (p €)Pp ss the (unique) metric domain satisfying:

1
PD = PCO(A X 5 . PD)

The set A (introduced in Definition 5.1) is endowed with the discrete metric. The composed
metric spaces are built up using the composite metrics of Definition 2.5.

Definition 5.5 We define p. : [X] — Pp inductively:
pyp =0, and
pe={@\T.py) |FCTT\FEI}, ifT#[°
In particular, py = {([y],0)}.
We can now define the semantic operator || for parallel composition on P processes.
Definition 5.6 Let (¢ €)Op = Pp x Pp = Pp. Let ), Q, Q| : Op — Op be given by:
(a) Q(0)(0,p) = Q(¢)(p,0) = p
Q(B)(p1,p2) = QL () (p1,p2) U Q| (&) (P2, 1) U Q| () (1, D2), if p1r # 0, p2 # 0
(b) Q@ (9)(p1,p2) = {(c, (P, p2)) | (. p}) € i}
(c) () (p1,p2) = {(7v(4, ), d(p1, p5)) | (o4, Ph) € 1, (0, P5) € p2,v(e, ) € I} U
{(@.7), o(py, o(p1, 15))) | (a1, 1) € p1, (ah, 1) € P2, (7.7) = (0, ) € G}
We define: ||= fiz()), [L=Q () and | =Q(]).

|| is the operator for parallel composition in Lpya, also called merge. | and || are called
synchronization merge and left merge, respectively. | is a general (multiparty) join syn-
chronization operator, specific of Lpya. The left merge operator is similar to the parallel
composition (or merge) operator, but || imposes the restriction that the first step must come
from p;.

Remark 5.7

(a) The higher order mapping ) given in Definition 5.6 is a contraction. Q is a contrac-
tion, essentially, because all occurrences of the argument ¢ in the right-hand sides of
the equations are used to yield values that are stored in the space % - Pp.

8Recall that we use the notation 3 C T to express that 7 is a strict submultiset of .
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(b) It is easy to check that the operators U, ||, ||, | are well-defined and non-expansive in
both their arguments. The reader may consult [5], where many similar operators defined
in this way.

Lemma 5.8 states that the semantic operators U, ||, ||, | satisfy some properties that
can be encountered in various concurrency theories. In particular, || is commutative and
associative. As a consequence, notice that in the definition of | any order of association of
Py, P, P can be used.

Lemma 5.8 For any p1,p2,ps € Pp

(a) (prUp2) [ ps = (p1(lps) U (p2 [l ps)
(b) (p1Ups)|ps = (p1]ps) U (p2|ps)
(¢) p1lp2 =p2|p1

(d) pr [ p2=p2 || ;1

(¢) pull (2 [ p3) = (p1 | p2) || 3

(f) prl(p2ps) = (p1|p2) | ps

(9) (pr|Lp2) Lps = p1 [ (p2 || p3)

(h) p1|(p2 [Lps) = (p1[p2) [Lps

Proof: The properties stated by Lemma 5.8(a)-(d) follow easily by definition.
For the other properties we use an argument of the kind ¢ < % - ¢ = ¢ =0, which is
standard in metric semantics. Let

01 = SUPp, popsePpd(P1 || (P2 || P3), (p1 || p2) || P3)

T2 = SUDp, popsePpd(P1 | (P2 P3), (P1]p2) | P3)

d(
03= SUppl,pz,paePDd((pl LLP2) LLP3>P1 U(p2 || pg)

04 = Supp1,p2,p3€PDd(p1 | (P2 [Lp3); (1 1p2) [ P3)
One can show that oy < max{os, 03,04}, and o; < % - 01,1 = 2,3,4. Therefore o1 =
oy = 03 = 04 = 0. 07 = 0 implies Lemma 5.8(e): py1 || (p2 || p3s) = (p1 || p2) || p3. From
09 = 03 = 04 = 0 we infer the properties stated by Lemma 5.8(f)-(h).
For o1 we compute as follows:

d(py || (p2 || p3), (o1 || p2) || p3)
=d(p1 | (P2 || p3s) U (P2 [Lps Ups [Lp2 U pz|ps) L1 Upi | (p2 [Lps Ups |[p2 Upa|ps),

(P12 Upa |Lp1 Upr |p2) ILps Ups L (o1 || p2) U (1 [Lp2 Ups [ 01 Upi|p2)|ps)
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= d(p1 | (2 [| p3) U (2 [Lp3) (L1 U (p3 [Lp2) [Lp1 U (p2]ps) [Lp1 U
pi|(p2 [Lps) Upi|(ps [Lp2) Upi](p2]ps),
(1 |Lp2) [Lps U (p2 1) Lps U (p1]p2) [Lps Ups [ (p1 || p2)U
P3| (1 |Lp2) Ups| (p2 [Lp1) U (p1[p2) [3)
< maz{d(p: || (p2 || p3), (p1 [Lp2) [Lp3), d((p2 [Lps) [Lp1, (P2 [Lp1) [Ls),
d((ps [Lp2) [Lp1:ps [L(p1 || p2)), d((p2|ps) ILp1, P3| (P2 Lp1)),
d(p1|(p2 Lps), (p11p2) [Lps), dps| (ps [Lp2), ps| (pr L p2)),
d(pr|(p2ps), (pr[p2) [ p3)}
[Triangle inequality, commutativity of || and |]
< maz{d(p [ (p2 || p3), (p1 [Lp2) Lps), d((p2 [Lp3) Lp1:p2 (L (P3 || P1),
d(p2 [L(p1 || p3); (p2 [Lp1) [Lp3), d((ps [Lp2) [Lp1:ps [L(p2 || 1)),
d((ps|p2) [Lpr, ps | (p2 [Lp1)), d(pr|(p2 [Lps), (p1|p2) |Lps),
d(p1|(ps [Lp2), (p1|p3) ILp2), d((ps|p1) [Lp2, ps | (p1 [Lp2)),
d(p1|(p2ps), (pr[p2) [ p3)}

In the sequel it is sufficient to prove that gy < % - 01, 03 < % - o1 and o4 < % - 0q.
For oy we prove that d(p:|(p2|ps3), (p1|p2)|ps) < % o1, for arbitrary pi,ps,p3 € Pp,
which implies o5 < % - 1. We compute as follows:

d(p1[(p21ps), (pr]p2) | ps)
= d(p1 | ({(7(0, o), 5 || P5) | (3, Ph) € p2, (o3, P5) € ps, (0, 0) € T} U
{(@7).05 | (02 I P5)) | (3, 03) € p2, (05, 5) € ps, (T7) = v(ay, a3) € G}),
({(v(aq, a3), P4 | po) | (a1, p7) € p1, (0, Ph) € pa,y(ay, ) € T} U
{(@.7),pg || (01 1 P2)) | (4, P1) € pr, (0, P5) € p2, (B.Y) = v(ay, 3) € G}) | ps)
(Z.7) € G =~v((7.7),a) =7v(a, (T.7)) =T, Va € A, Lemma 5.3(a)]
= d({(v(ef, y(ah, a5)), Py || (0 (1 P5)) | (4, p1) € pu, (3, ph) € p2, (0, p5) € ps,
Yoy, v(oy, o)) € 1T U
{(@.9),pg || (01 | @5 || P3))) | (@1, P1) € pr1, (s, p3) € pa, (03, P5) € ps,
(7.9) = y(of, (o, 03)) € G}),

{(v(v(ar, ag), az), (P 1 o) (| p5) | (ad,ph) € pr, (g, py) € pa, (@3, 15) € s,
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(y(ed, ), ) € 13 U
{(@7), 05 | (P11 P2) Nl 05)) | (e, ph) € pr,y (0, 05) € pa, (0, ) € ps,
(7.9) = 7(7(0aq, ah), a3) € G})
[y is associative (Lemma 5.3(b)), U and || are nonexpansive]

<3501

N[

|| is nonexpansive, hence in the last step of the proof one can use the fact that

d(pg || (o | 22) 11 p3), oy | (o [ (05 1 25))) < d((py || 05) [ P oy I (0 | P5))

One can also show that o3 < % - o1 and g4 < % - 0]

5.3 Denotational semantics

The denotational semantics D of Lpya maps Lpya components to Pp processes: D :
EDNA — PD.

Definition 5.9 (Denotational semantics D) We define p™ € Pp inductively: p' = p, p"™' =

pll p*, for any p € Pp, n € NT. We define D : Lpya — Pp by:
0

Dlo] =

Dlz] = {([=],0)}

Dlg] = {((9,[).0)}

DIP*] = fiz(\p.(D[P]* [l p))
D[[Pl || Pz]] = D[[Pl]] || D[[P2]]

One can check that d(p || p1, p || p2) < % d(p1, p2), for any p, p1, p» € Pp. Hence, \p. (D[P]* || p)
is a contraction and has a unique fixed point.

It may not be clear why in Definition 5.9 in the equation that describes the behavior of P*
we use the operator || rather than ||.° Intuitively, in Lpy4 a population P* can participate
in an interaction step with at most one copy of a gate and at most k copies of a signal (see
Remark 3.1). Hence, in each interaction step it is enough if a population P* generates k
copies of P; the rest of the population may only be involved in subsequent interaction steps.
Therefore, we use || instead of ||. || imposes the restriction that the first step must be taken
by D[P]*. Moreover, notice that Ap.(D[P]* || p) is a contraction. Ap.(D[P] || p) is not a
contraction, hence we cannot simply put fiz (A\p. (D[P] || p)).

Example 5.10 Dl || ([].[)] = {([], {((([]. 1), ), O)3), ((([=]. 1), ), {([z], 0)}), (([=].[1), D)},

see also Example 4.5(a).

Remarks 5.11

(a) Let G = [y1,...,ym]. One can check (by induction on [g|) that py = pyy || - || Pywml-
AZSO; D[[:If]] = p[x] Hence p[yl ym} = D[[yl]] || o || D[[ym]]

-----

9Recall that, according to rule (P1), P* = P || P*.
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(b) D[P*] = D[P]* || D[P*]. Indecd:

D[P*] = fiz(Ap. (D[P]* Lp))

= (Ap. (DIPI* |Lp))(fiz(Ap. (D[P]* [ p)))
= D[PI* || (fiz(\p . (D[P]* L p)))

= D[P]* [ D[P*]

6 Transitions and alternative operational semantics (O,)

In order to establish the relation between the denotational semantics D defined in Sec-
tion 5 and the operational semantics O presented in Section 4 we introduce an alterna-
tive operational semantics O4 for Lpya. We define O4 based on a transition relation
—C Lpna X AX Lpya, introduced in Definition 6.1. The label « of a transition P == P’
is an element of the set (o €)A = G U I introduced in Definition 5.1, but note that only
(histories of) gates are recorded by O4. In section 7 we will show that O and O, behave
the same.

Definition 6.1 (Transition relation) The relation =—C Lpna X A X Lpna is the smallest
relation satisfying the rules given below. The elements of = are triples (P, «, P’) that we
call transitions. We write P == P’ to express that (P,«, P') €==. For any P € Lpya,
n € Nt we define P* € Lpna by induction on n: P! = P, Pt = P | P".

(T1) = =% 0

(12) g £4 0

Pt = P’
P* = P'| P+

(T3)

P, =% P/, P, =% P, a=v(a,a) €1

(T4) a
PP, = P || P

P = P, P, =2 Py, g =71, ) € G

(T5)

where g = (T.[Y1, - -, Ym))

Pl Py == =MLy | PP
P = P

(T6) a
PP =% PP

P, = Py
P || P, = P || P

(T7)
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Rules (T1) and (T2) describe elementary interaction attempts. Rule (T3) states that when-
ever P* can make a transition with label @ to some P’, then P* can make a transition
with label a to P’ | P*. P* is an abbreviation for k parallel copies of P. A transition
represents either a successful interaction or an interaction attempt. According to rules (T4),
(T5), (T6) and (T7) when two components are combined in parallel they can either interact
or proceed independently. Interaction attempts can be combined into more complex ones
by using rule (T4). Rule (T4) is needed when more than two concurrent components in-
teract. Rule (T5) expresses a successful interaction. To illustrate how the rules (T4) and
(T5) can be combined to model DNA interactions we consider an example. Assuming that

P Ll P! for i = 1,2,3, and P @l P', where g = ([z1,x2,23].[]), one can infer the
transition (P, || P) || (P || Ps) == (P! || Py) || (P || Pj) as follows:

PléLP' P 2l p P%P' Py 2 pr
P1 | P, 22 pry| py P | P, 22 pr
(P P) || (P Ps) == (P} Py) || (P || Py)

(T5)

Remark 6.2 In rule (T5) any order of association, e.g. y1 || (y2 || -+ || (ym || (P ||
Py))---), can be used, since they all behave the same, according to Definition 4.1 and
Lemma 7.1. According to Lemma 7.1, two Lpya components P and Q) such that P = Q
are strongly bisimilar, thus P and ) behave the same. Moreover, in the metric framework
that we employ in this paper, strong bisimilarity coincides with the equality relation; see [12],
or [5], chapter 10. A particular consequence of Lemma 7.1 is that parallel composition is
commutative and associative. In the sequel, we will ignore the order of association when sev-
eral Lpna components are combined in parallel, both in rules that describe reactions (—)
and in rules that describe transitions (= ).

Definition 6.3 (Operational semantics O4) We write P =~ to express that P has no g-

transitions, i.e., there is no g € G and P such that P 2 P We define Oy : Lpnya —
P(G=) b

Ou[P] = {e}  if P =
OulP] = {g192--9a €G* | Bo= P, Py = P,VI<i<n, P, =5} U
{grg2---€G” | Py=P P, =% P, ¥Vi>1}

Notice that in Definition 6.3 we only consider transitions P == P’ labelled with gates
g €G.

In some inductive proofs it is convenient to use the syntactic complexity measure intro-
duced in Definition 6.4. ¢(P) is clearly well-defined: by structural induction on P one can
check that ¢(P) € N, for any P € Lpya.

Definition 6.4 We define c: Lpya — N by:
c0) = c(x) = c(g9) =1
c(P*) = k+c¢(P)
c(P|| P) = 1+ mazx{c(P),c(P)}
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Although P* is not syntactically simpler than P* (when & > 1), we can prove the following:
Lemma 6.5 c¢(P*) > c¢(P*), for any k € N*,P € Lpya.

Proof: An easy induction on k.

Lemma 6.6 The set Succ(P) = {(a, P') | P == P'} is finite, for any P € Lpya.'°

Proof: In this proof we denote by |- | the cardinality (number of elements) of the set ’-’.
This notation should not be confused with the notation for the cardinality of a multiset
introduced in Section 2.1 (in the case of a multiset the cardinality also takes into account
the multiplicity of each element).

We proceed by induction on ¢(P). We shall prove that |Succ(P)| € N, forany P € Lpya,
where N is the set of natural numbers. We consider two cases. If P = 0 then ¢(P)=1. 0
has no transitions. Hence |Succ(0)| = |@] = 0 € N. We also consider the case when P = Q*,
for some Q € Lpya. By Lemma 6.5, ¢(P) = ¢(Q*) > ¢(QF). By the induction hypothesis we
can assume that |Succ(QF)| € N. Hence |Succ(Q*)] = [{(a, R) | Q* == R}| = [{(a, Q" ||

Q)1 = QY =0, Q) | Q" = Q'} =|Succ(Q*)| € N.

Definition 6.7 Let (S €)Sema = Lpya — P, where P = P,.o,(G™). Let W4 : Semy —
Semy be given by:

VA(S)(P) = {e} if P =~

T4(S)(P)=U{g-S(P)| P = P} otherwise
Remark 6.8 According to Lemma 6.6, the transition system induced by the transition re-
lation = 1is finitely branching. [t is a standard result in metric semantics that a finitely
branching transition system gives rise to a compact operational semantics [5]. WV 4 is a con-
traction (hence it has a unique fixed point) in particular as a consequence of the "g-...”-step

in its definition. The following properties can be proved essentially as shown in [5] (see
chapter 2 and Appendix B):

(a) Oa[P] € P,VP € Lpna (i.e., O4[P] is non-empty and compact for any P € Lpna),
and

(b) OA = fZSL‘(\I/A)

7 Equivalence of O and Oy

Both O and Q4 yield collections of sequences of gates, but their definitions are different. In
this section we prove that O and O, behave the same.

Lemma 7.1

10Tn [5] Suce(P) is called the succesor set of P.
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(a) Mizing (=) is a strong bisimulation with respect to transition relation (= ).

(b) If P=Q then P ~ Q.

Proof: Let P = (). We prove that whenever P = P’ there exists @’ such that
Q = @ and P’ = @Q'. Also, we prove that whenever Q == (@’ there exists P’ such
that P = P’ and P’ = ). We proceed by induction on depth of inference of P = Q.
We consider several cases for the last step of inference. To emphasize that we proceed by
induction on the depth of inference we represent each rule given in Definition 4.1 in the form
premisey, - - -, premise, = conclusion by using the notation

premisey, - -+, premise,

conclusion
e Assume that in the last step of inference of P = @ is used rule (E1)

P=P
P=P

In this case P = @) and the result is obvious.

e Assume that in the last step of inference of P = @ is used rule (E2)
Q=P
P=qQ

By the induction hypothesis the property holds for () = P, and the desired result
follows easily.

e Assume that in the last step of inference of P = @ is used rule (E3)

P=R R=Q
P=qQ

Assume that P == P’. By the induction hypothesis there exists R’ such that R ==
R and P' = R'. Also, from R == R’, by the induction hypothesis we infer that there
exists @' such that Q == Q' and R’ = Q'. By using rule (E3), from P’ = R’ and
R' = @’ we obtain P’ = ', as required. By a similar argument, from Q == Q' we
also infer that there exists P’ such that P == P’ and P’ = ('.

e Assume that in the last step of inference of P = @) is used rule (C1). In this case
P=P ||Rand Q = Q|| R, for some P;,Q1, R € Lpna and

P =
P|R=Q [ R

In this case P, = (1 and there are four subcases, depending on the rule used to infer
P = P'orQ = Q' (T4), (T5),(T6) or (T7). We only consider the subcases when
one of the rules (T6),(T7) or (T5) is used.



Correct Metric Semantics for a Biologically-Inspired Formalism 22

— Assume that P == P’ is inferred by using rule (T6). In this case there exists Pj
such that P, == Pj:
P = P
P | R = Pl||R
and P’ = P/ || R. By the induction hypothesis there exists )} such that Q; ==
Q) and P = Q). By using rule (T6) again:

Q1 = Q)
QI R= QIR

If we put Q' = Q) || R we see that Q == Q'. Also, as P/ = Q", by using rule
(Cl) Pl || R=Q} || R, ie., P =@, as required.

— Assume that Q == @’ is inferred by using rule (T6). By a symmetric argument
we can show that there exists P’ such that P == P’ and P’ = Q.

— Assume that Q == @' is inferred by using rule (T7), which means that there
exists R’ such that R = R’ and
R = R
Q| R= Q| R

In this case Q' = Q; || R’ (and Q == Q’). By using rule (T7) again we obtain

R = R
P|R= P | R

If we put P’ = P, || R’ we obtain P == P’ and (as P, =Q,) P =P, | R =
Q1 || R = @', as required.

— Assume that P == P’ is inferred by using rule (T7). By a symmetric argument
we can show that there exists @’ such that Q = @’ and P' = Q.

— Assume that P == P’ is inferred by using rule (T5). In this case there exists
P/, R such that
P =% PR =% R, g=q(a,a) €G
P|R= il ymll P R

where g = (T.[y1,...,Ym)). Inthiscase P=P, | Rand P' =1 || -+ || ym || P/ |
R'. As P, = Q, and P, =% P}, by the induction hypothesis, there exists @ such
that Q; == @/, and P, = Q. We can apply rule (T5) again and we obtain:

Ql % ll,R % R,,g:’Y(Oél,OéQ) GG
QIR -yl @R

with g = (Z.[y1, - ym])- Let @ =1 | [y [| @ || B'. As P = @}, we infer
that (Q == @' and) P’ = @', as required.
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— Assume that Q == Q' is inferred by using rule (T5). By a symmetric argument
we can show that there exists P’ such that P =% P’ and P' = Q'.

e Assume that in the last step of inference of P = @ is used rule (D2). In this case
P =R, | Ry, Q= Ry || Ry, for some Ry, Ry € Lpna. We assume that P == P’
P == P’ can be inferred by using either of the rules (T4), (T5), (T6) or (T7). We
only consider the case when P == P’ is inferred by using rule (T4). In this subcase
there exist R}, Ry, € Lpna, 1,00 € I (see Lemma 5.3(a)) such that R, == R/,
Ry =% R, and a = y(ay, ) € I. P == P’ is inferred by using rule (T4) as follows:

Rl % R&,RQ % Ré,O& = ’}/(Oél,Oég) el
Ri|| Ry = R{ || R}

In this subcase P’ = R} || R}. By using rule (T4) again, taking into account that 7 is
commutative (Lemma 5.3(b)), we also have:

Ry =% R, R =% R,,a=v(ag,a1) =7(aq,az) €1
Ry || Ry = Ry || R,
Let Q' = R, || R}. Then we have Q == @', and P' =R, | R, = R, | R, = @', as
required.

The proof that Q == Q' implies that there exists P’ such that P == P’ and P’ = @’
is symmetric.

e Assume that in the last step of inference of P = @ is used rule (P1). In this case
P =R*and Q = R || R*, for some R € Lpna. First we consider the case when we
know that P == P’. P == P’ can only be inferred by using rule (T3) as follows.
There exists R’ € Lpya such that

Rt =% R
R =% R'|| R*
Hence (P = R* and) P’ = R’ || R*. By using rules (T7) and (T3) we also obtain:
RF = R
R = R || R
R| R = R| (R | R
Let Q' = R|| (R || R*). Hence Q == @', and P’ = R' | R*=R || (R || R*) = @', as
required.

Next, assume that Q == @', ie., R || R* = Q' (Q = R || R*). By Lemma 7.4(a),
there exists R’ € Lpya such that RF! = R’ and Q' = R’ || R*. By Lemma 7.4(e),

a

there exists R” € Lpna such that R*¥ = R” and R' = R” || R. Hence, by using (T3)

«

RF = R’
R* = R" || R*

Let P’ = R” || R* (and recall that P = R*). We obtained P == P’ and P’ = R" | R* =
(R"||R) || R*=R'|| R* =@, as required.
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e Assume that in the last step of inference of P = @) is used rule (P3). In this case
P= (P || )" and Q = P} || Py, for some P, P, € Lpna. In this case the desired
property follows by using Lemma 7.5 and Lemma 7.6. We only handle the case when
we know that P == P’ (i.e., when (P, || P;)* == P’, for some P’) and we show that
there exists Q' such that Q == Q' (i.e., P} | Py = Q') and P’ = Q'. The transition
P == P’ can only be inferred by using (T3) as follows. For some R € Lpn4 we have:

(P || B)* = R

(13) a
(P || Po) = R (P P2)*

and in this case P = R || (P, || P,)*. By Lemma 7.5(b), as (P, || P»)* == R, there
exists R’ such that Pf | P¥ == R and R’ = R. By Lemma 7.6(a), there exists Q'
such that P} || Py == Q" and Q' = R' || P} || P;. Hence, PP =R || (P, || P2)* = R’ ||
(P || B)*=R|| P} || Pf =@, as required.

e Assume that in the last step of inference of P = @) is used rule (P4). In this case
P=R* Q=R"P=R"=R"=Q.
First, we prove that whenever Q == @’ (i.e., whenever R* == (') there exists P’

such that P == P’ and P’ = '. R* == ('’ implies that there exists R’ such that
Q' =R || R* and:

RF = R
R = R'| R*
By using rules (T3) and (T6) we obtain:

a

Rt = R
R =% R'|| R*
(R)F = (R || R*) || (R*)"!
R = ((R'|| R*) || (R*)k=1) || R**
Hence P =% P', where P' = (R || R*) || (R*)*"Y) || R* = R' || (R)* | R = R’ |

R* = @Q'. We see that whenever ) == (), there exists P’ such that P == P’, and
P'= (@', as required.

Next, we prove that, whenever P == P’ there exists @’ such that Q == @’ and
P’ = @'. We have to prove that if R** == P’ then there exists @’ such that R* == ('
and P’ = @'. The transition R** == P’ can only be inferred by an instance of rule
(T3). More precisely, there exists P” € Lpy4 such that
(R*)k :a> P

R** :a> Pl/ || R**
Let P = P” || R*™. By Lemma 7.7, there exists Ry € Lpya such that P = R, || R*
and R* == R,. Hence, by using rule (T3) again we obtain:

RF = R,
R* == R, || R
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Let @ = Ry || R*. Notice that P’ = P" | R* = Ry | R* | R* = Ry | R* = Q.
From P = R™ = R* = Q and P == P’ we inferred that there exists Q' such that
Q == Q' and P' = @', as desired.

Definition 7.2 We define card : A — N7 by: card(Z) = |T|, card(g,T) = 1+ |Z| and
card(z.y) =1+ 7.

Remark 7.3 Let ay,an € A.
(a) If v(a1, a2) € A then card(y(aq, az)) = card(oy) + card(as).
(b) card(a) < k+1, for any o € A.
(¢c) If card(a)) = k + 1 then a € G.

Part (a) follows immediately by the definition of . For parts (b) and (c) see Remark 3.1
and Remark 3.5.

Lemma 7.4

(a) If P || P* == Q then there exists R € Lpyna such that P! = RandQ = R || P*.1!

«

(b) For any1 <r <k, VP € Lpya,a € A, if P"™' = R and card(a) < r then there
exists R' € Lpna such that P == R' and R=R' || P.

(c) If P SN Ry, P e} Ry, for some g € G, and o = ~([z],(g,[])), then there exists
R € Lpna such that P = R' and

— ify([z],(g,[])) € I then Ry || Ry = R'[| P,
—if (2], (9, ) = (@1, - ym]) € G thenyn || -+ [ ym || B || Re = R[] P.

(d) Forany 1 < r <k, if P™' == R a =g € G, ora = (g9,7) € I (for some
g=(Zy) e G, T € [X], T CZT) and card(a) < r + 1, then there exists R' € Lpya
such that P" == R and R=R'|| P.

«

(e) If P**' =% R then there exists R’ € Lpna such that P* = R', and R=R' || P.

Proof: First, recall that k£ is the maximum size of the input part of any gate in Lpya;
see Remark 3.1. Lemma 7.4(a) follows by considering the four possible ways in which P ||
P* = Q (by using the rule (T6), (T7), (T4) or (T5)). The proof of Lemma 7.4(b)
can proceed by induction on r. The proof of Lemma 7.4(c) can proceed by induction on
¢(P) (see Definition 6.4). The proof of Lemma 7.4(d) can proceed by induction on 7. When
card(a) < k, Lemma 7.4(e) is an easy consequence of Lemma 7.4(b). When card(a) = k+1,
Lemma 7.4(e) follows by using Lemma 7.4(d) and Remark 7.3(c). Note that, according to
Remark 7.3(b), card(a) < k + 1, for any a € A.

Lemma 7.5 For anyn € N*

HWe recall that Pt = P, P! = P || P", for any n > 0.
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(a) (PlQ)"=P"|Q"
(b) If (P || Q)™ == R then there exists R' such that P" | Q" == R’ and R =R’
(c) If P" || Q" == R' then there exists R such that (P || Q)" = R and R = R'.

Proof: In each case the proof can proceed by induction on n. The case when n = 1 is
obvious. For n > 1 one must consider the various ways in which the transitions involved are
inferred. We only consider one sub-case for Lemma 7.5(b). Assume that (P || Q)" == R is
derived by using (T4) and (T6) as follows:
P%Pl Q%Qg ’7((11,(12)6]
(a1,02)
PlQ ™ P,

(PlQ" "2 Py | (P Qn

(T4)

(17°6)

This transition is matched by (recall that P* = P || P*~! when n > 1)

P=P =2
(T6) - ! (T6) % @ v(ay, a) € 1
pn = Pl || pn—1 Qn == Q2 H Qn—l

(T'4)

Pr Qr S p| Pt Q)| Qn

By using Lemma 7.6(a), we see that R=P, || Q2 || (P || Q)" ' =P, || P 1| Qa2 || Q"' =
R, as required.

Lemma 7.6 For any P,Q) € Lpna

(a) If P*|| Q" == R then there exists R’ such that P* || Q* = R' and R' = R || P* |
Q.

(b) If P* | Q* == R’ then there exists R such that R' = R || P* || Q* and P* || Q¥ ==
R.

where k is the mazimum size of the input part of any gate in Lpya; see Remark 3.1.

Proof: One must consider the possible ways in which the transition in the assumption is
derived. We only consider one sub-case for Lemma 7.6(b). Assume that P* || Q* == R’ is

derived as follows: N

Pk = p’
(1'3) =
pr =% p/| P
Pl Q" = P'|| P*| Q"

(76)

We also have: .
Pt = P
(T6) &
P QY = P QF
and we see that ' = P' | P* || Q*=P' || Q% | P* | Q* = R || P* || Q*, as required.




Correct Metric Semantics for a Biologically-Inspired Formalism 27

Lemma 7.7 For any 1 <r <k, if (R*)" == P" then there exists Ry such that P" = Ry, ||
R* and R* = Ry.

Proof: By induction on r.

Notation 7.8 Let P,P',P" € Lpna, g € G. We write P == P’ to express that, for some
P', P =L P" and P" = P'. P == P’ is an instance of relational composition.

In Lemma 7.11 we prove that — and = coincide, up to mixing =. Lemma 7.9 and
Lemma 7.10 are needed in the proof of Lemma 7.11. We omit the proofs of Lemma 7.9 and

Lemma 7.10, which can be approached by induction on depth of inference of P == P’ and

p Yz p , respectively.

Lemma 7.9 LetT =[xy,...,2,] €l (0<n<k). IfP == P thenP=u ||---| 2, || P
Lemma 7.10 Let (9.7) € 1,7 = [w1,...,20). IFP %Z P then P=ay || - || n | ¢ |
P Ifn=0 then xy || --- || @, is replaced with 0.

Lemma 7.11 (Reaction agrees with g-transition) P~ P’ if and only if P === P'.

Proof: (=) By induction on depth of inference of P -2+ P’. We consider the possible cases
for the last step of inference.

e If in the last step of inference is used rule (R1) then P =xy || --- || , || ¢ and
R
where g = ([z1, ..., Zn).[41,. .., Ym]). We have to prove that P ==y, || -+ - || ym, i.€.,
we have to show that there exists P” such that P =% P” and P" =y, || - || ym.

Rule (R1) is actually ambiguous, because the order of association is not specified for
the term P = z1 || -+ || @, || g- In fact, the order of association is not important,
because rule (R1) can be combined with rule (R3) which allows mixing = to be used
at any point in inferring reactions. In particular, this implies that the operator for
parallel composition || is associative and commutative.

Anyway, there are two possibilities:

— either P = (a1 || -+ || x») || g, for some order of association of zy || --- || zp,

—or P=ux || (x2|| - || zn || g), for some order of association of zy || -+ || z, || g

It is easy to prove the following facts:

(1) @y || -+ || 2n = R, for some R € Lpya, satisfying R = 0, where T =
[z1,...,2,), 0 <n <k,



Correct Metric Semantics for a Biologically-Inspired Formalism 28

)z || -zl g @z) R, for some R € Lpya, satisfying R = 0, where 7’ =

[:L'l,...,xp],g:([xl,..., Tnl. Y1,y Ym]), 0 < p <m.

For any order of association, (1) can be proved by induction on n, and (2) can be
proved by induction on p.'?
If P=(x1 | -+ | zn) || g, for some order of association of =y || --- || x,, and

= ([x1,..., n].[yl,...,ym]), then, according to (1), z; || --- || #, == R, for some
R with R = 0, where T = [z1,...,x,], . Hence

sy ml e =R g 220
@ - lz) g ==l llynll RO

and yy [| -+ [ ym [| R[|O=w1 [ - || ym, as required.

IfP=ux| (2] -+ || zn || g), for some order of association of xs || -+- || x, || g, and
g = ([, -, zu)-[¥1,-- -, Ym)), then, according to (2), za || -+ || zn || ¢ @) R, for
some R, with R = 0, where T’ = |29, ..., 2,]|. Hence

[21
0 e L) R
vl (2l llenllg) = vl lum [ O] R

and gy ||+ [ |0 | R= g1 |-+ || . a5 required.

If in the last step of inference of P - P’ is used rule (R2) then P = Q || R, for some
Q, R € Lpna, and we have

QL @
QIR -+ QR

Let P' =@ | R. As Q —% Q' is obtained by a shorter inference, by the induction
hypothesis we have Q === ', i.e., there exists Q" such that Q =% @Q” and Q" = Q.
By using rule (T6)

Q=% Q"
QIR Q| R

Let P”=Q" || R. Hence, P =% P", P"=Q"||R=Q || R=P' ic. P=5=P' as
required.

Lo gy || -

|| 2 || g has the form (z1 || --- || zp) || g then in the proof of (2) one also uses (1).
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o If in the last step of inference of P -5 P’ is used rule (R3) then there exist Q, Q' €
Lpna such that:

Q=PQ 5 QQ=P

P -5 p

where Q -2+ @' is inferred by a shorter inference. Hence by the induction hypothesis
we have Q =%= @', i.e., there exists Q" € Lpya such that Q == Q" and Q" =
@'. By Lemma 7.1 mixing is a strong bisimulation with respect to transition relation
(=>). Hence, as P = Q, there exists P” such that P =% P” and P = Q". As
P'=Q"=Q = P, it follows that P === P’ as required.

For (<) it is enough to prove that P =% P’ implies P %= P’. We use the notation

P —25= P’ to express that, for some P”, P -5 P" and P” = P'. We proceed by induction
on the depth of inference of P =% P’. We consider the possible cases for the last step of
inference.

e Notice that P =% P’ cannot be inferred by using rule (T1), which states that = MU 0,
because [x] ¢ G. Similarly, P =% P cannot be inferred by using (T2).

e We handle the case when P =% P’ is inferred by using rule (T5). In this case
P = P1 H P2 and

P =% P, P, =% P}, g=v(a1,) €G
PPyl ym || PP

with g = (T.[y1, .., Ym)). Let P' =y || --- [ ym || P} || P5- Without loss of generality,
we consider that oy =71 € I, as = ((7.9),7%) € [, T=T1WT, and ¥ = [y, .. ., Y-
Let Ty = [11, ..., %1p), and Th = [Ta1, ..., Top|, T = [T11, ..., T1p, L1, . . ., Tor).

By Lemma 7.9 Py = xqy || -+ || 1, || P{. By Lemma 7.10 Py = x91 || - -+ || 22, || (Z.7) ||
Py Let Q= || - [[wyp [[@an || -+ | wor | @Y) | P{ || Po- AsP =P || P, P=Q.
By using rules (R1) and (R2), Q@ %+ P’, where g = (Z.5), P’ = w1 || ---ym || P/ || P%.
As P = @, by using rule (R3) (called ”well mixing” in [7]), we infer P —5 P’ hence,
as P’ = P', we obtain P —25= P’.

o We also consider the case when P =% P’ is inferred by using rule (T3), i.e. P = Q*,
for some Q) € Lpya. In this case we have:

Qk :g> Q/
Q* N Q' || Q*
and P’ = Q' || Q*. Q" =% (' is inferred by a shorter inference, therefore, by induction

hypothesis, Q¥ —25= ’; this means that there exists Q” such that Q* -5 Q" and
Q' = Q". By rule (R2)

Qk i> Q//
QF | Q* == Q" Q
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Wehave: P=@Q = Q| @, Q" | @ 5 @ | Q" and Q" | @ = Q' || @ = P"
Hence, by using rules (R3) (called "well mixing” in [7]) we obtain the desired result
pP-H=p.

Lemma 7.12
(a) If P 25 P and Q = P, then there exists Q' such that Q == Q' and Q' = P'.
(b) P < P =~.
(c) If P -~ and Q = P then QQ =~ .

Proof: We only prove Lemma 7.12(a). By Lemma 7.11 P =%= P’ ie., for some P”,
P =L P” and P” = P'. By Lemma 7.1, there exists @’ such that Q == Q', Q' = P". By
rule (E3) Q"' = P'.

Lemma 7.13 O[P] = O4[P],VP € Lpna.

Proof: Let P € Lpya, ¢ € G™®. We prove that ¢ € O[P] implies ¢ € O4[P], for any
q € O[P]. Also, we prove that ¢ € O4[P] implies ¢ € O[P], for any ¢ € O4[P]. We
conclude that O[P] = O4[P],VP € Lpya. By Lemma 7.12(b), P has no reactions iff P has
no g-transitions. Hence, O[P] = {e} & O4[P] = {¢}.

If P has reactions and transitions we proceed as follows. First, let ¢ = g1g92- -+ € O[P].
We want to show that ¢ € O4[P]. As g € O[P], there exists a (finite or infinite) sequence
of reactions P = Py -2 P,,P, 25 Py--- (in case the sequence is finite then P, —/, for
some n € N).

If we put P} = By = P (which implies P} = Fp), by using Lemma 7.12(a), we obtain
a corresponding (finite or infinite) sequence of transitions P = P, <2 P/, P/ £ P} ..
(with P/ = P;), which yields the same sequence of observables (gates) in O4[P]. By Lemma
7.12(c), if P, —, for some n € N, then we also have P! =& (the sequence of reactions
is finite iff the sequence of transitions is finite and they have the same length). Whence,
q € O4[P], as required.

Next, let ¢ = g1gs--- € O4[P]. We want to show that ¢ € O[P]. P =% P’ implies
P =%= P’, which implies P -2 P’, by Lemma 7.11. Therefore, whenever we have
a sequence of transitions P = P, I P, P =L, P,... with q = gi1g2--- € O4[P], we
can construct a corresponding sequence of reactions P = Py 2% P, P, 25 P,---, hence

q € O[P].

Remark 7.14 According to Remark 6.8(a) and Lemma 7.13, O[P] is non-empty and com-
pact, for any P € Lpna.

8 Semantic correctness

For any P € Lpna, D[P] yields an element of Pp, which is a tree-like structure. D[P]
contains more information than the linear outcome of O[P], which is an element of P.
Hence we cannot expect that D[P] = O[P] on Lpya.



Correct Metric Semantics for a Biologically-Inspired Formalism 31

Our aim in this section is to establish the formal relation between D and O. We introduce
yet another intermediate operational semantics Op, which delivers Pp processes as a result,
i.e., elements with a branching structure. Next, we introduce an abstraction operator abs :
Pp — P. We will prove that O = absoD. We conclude that D is correct with respect to O.

Definition 8.1 Let (S €)Semp = Lpna — Pp. Let U : Semp — Semp be given by:
Up(S)(P)={(e, S(P)) | P = P'}
We put Op = fiz(Vp).

Well-definedness of ¥ and Op rely on the property that the transition system induced by
— is finitely branching (by Lemma 6.6). As usual, Wy, is contracting, essentially, because
S(P’) is stored in the space 3 - Pp.

Definition 8.2 (Abstraction operator) Let (¢ €)Op = Pp 5 P. We define Qqps : Op — Op
by:

Qaps(0)(p) = {€} fpCIxs- Pp

Qus(@)(p) ={g-01) | (9,0") € p}  otherwise
We put abs = fix(Qups)-

Lemma 8.3 Oy = abso Op, on Lpya.
We omit the proof of this Lemma. A very similar Lemma is proved in [5], chapter 11.
Lemma 8.4 D[[P]] = OD[[P]], VP € Lpna.

Proof: According to Theorem 2.2 (Banach) it is enough to prove that D = fiz(¥p). We
show that Up(D)(P) = D[P], for any P € Lpna. We proceed by induction on ¢(P). We
handle two cases.

e Case P = 0. In this case ¢(P) = ¢(0) = 1. ¥ (D)(0) = 0 = DJ[0].

e Case P = z. In this case ¢(P) = ¢(x) = 1. = has just one transition (z N 0), and
D(0) = 0.

Vp(D)(x) = {([=],0)} = D(x)

(9:[)

e Case P = g. In this case ¢(P) = ¢(g) = 1. ¢ has just one transition (g 0), and

D(0) = 0.

Vp(D)(g) = {((g, ). 0)} = D(x)

e Case P = Py || P,. Inthiscase c¢(P, || P2) = 1+max{c(Py),c(P>)}, hence, ¢(P;) < ¢(P),
c(Py) < ¢(P). We compute as follows:
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U(D)(Py || P») =
{(cr, D[P [| R]) | P = P}U
{(a2, D[Py || B3]) | P» =% P}V
{(v(ar,02), DIP] || B3]) | Py =5 P, Py =% Py y(ar,00) € I}V
{(@.Plyr |- [l ym | P11 P2]) |
P =% PP =22 Pl y(a,a) =g = (T. [y, .., ym]) € G}
[ || is commutative and associative, Remark 5.11(a)]
= {(a1, D[P]] | D[P]) | P =% P{}U
{0
{(v(a1,00), D[P || DIP3]) | Pv =5 P, P =% Pj.y(au,a0) € T3V
{(9, P11, || D] || DIF]) |
P =% P/ P, =2 Ply(ag,a0) =g = (T.[ys, ..., ym)) € G}
= (Up(D)(1) [ D[P2]) U
(Up(D)(P,) [LD[A]) U
(Up(D)(P1) | ¥p(D)(12))
(Induction hypothesis]
= (D[A] L P[R]) U (DIR] ([ D[A]) U (DA DIP])
= D[] || D[F]

D[P || DIP]) | Py = Pj}U

=D[h || ]

e Case P = Q*. By Lemma 6.5 we know that ¢(Q*) < ¢(Q").
Up(D)(Q*) = {(a. D[R]) | Q* = R}

{(,D[Q" | Q] | Q* = @'}

{(,D[QT I DIQ]D) | @F = Q'}

{(a,D[Q]) | Q* = Q'} [ D[Q"]

= (Up(D)(Q")) || P[Q*] [induction hypothesis (c(Q¥) < c¢(Q*))]
= D[R | D[Q"]
= D[Q]* || P[Q*] [Remark 5.11(b)]
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= D[Q"]
Theorem 8.5 O =abso D, on Lpya.

Proof: For any P € Lpya we have:

O[P] [Lemma 7.13]
= O4[P] [Lemma 8.3]
= abs(Op[P]) [Lemma 8.4]
= abs(D[P])
As an immediate consequence of Theorem 8.5 and Remark 2.7 we obtain the following

Corollary 8.6 D is correct for Lpya with respect to O.

9 Reactions and observables

In this section (in Proposition 9.1) we show that if P is an £py4 component and ¢ is a G gate
then (either P has no reactions or) there is a unique component P’ (up to mixing bisimulation
=) such that P —2, P’. The property is not needed in the proof of the correctness result
presented in Section 8 (which is the main result of the paper). However, as explained in
Remark 4.7, the property justifies our decision to use G gates as observable elements in the
design of the operational semantics O[-]. We recall that O[-] was defined in Section 4 based
on the reaction relation —C Lpnya X G X Lpya. Also, we recall that the mixing relation
= is a strong bisimulation with respect to reaction relation — (Lemma 4.6). In the proof
of Proposition 9.1 we use Lemma 9.3. In the proof of Lemma 9.3(b) we employ a concept
of standard form, introduced in Definition 9.2. The proof of Lemma 9.3 also relies on some
auxiliary results presented separately in Section 9.1 and Section 9.2.

Propozition 9.1 If P -2+ P' and P -2+ P" then P' = P".

Proof: We assume that P~ P’ and P %5 P” with g = ([z1,...,2Z0].[y1,-- -, ym]), g € G.
By Lemma 9.3(a) there exist ', Q" suchthat P=z1 || -+ ||z [| g | @, P’ =1 || - | ym || @',
P=xi|| - ||z, || g || @ and P" =91 || -+ || ym || @". By Lemma 9.3(b), Q' = Q". Hence
(by using rule (C1) in Definition 4.1) we obtain P’ = P".

Definition 9.2

(a) Let (a,b €)Apna be the set of elementary Lpya components: a == =z | g. Let
(M €))Ly, M := 0 | al| M. We write a nonempty structure ay || (- || (an || 0)---)
as a list ay || -+ || an (the order of association can be ignored).'3 Let (S €)Lg, be the
set of Ly lists without duplicates. S € Lg if S =0 or S=ay |- | a, € Ln, and

a; # a;,V1 <i# j <n. Obviously, Ls C Ly € Lpna.

13We could also put M == 0 | N, N == a | N || N, but in this case some details of the proof are more
complicated.
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(b) We say that a component M || S*, with M € Ly, S € Lg, is in standard form if M and
S are disjoint, i.e., either M =0, or S =0, or M =ay || --- || an, S=a} | ---| a,
and a; # a3, V1 <i<n,1 <j<m.

The proof of Lemma 9.3(b) is based on the following main ideas. Every Lpya component
P is equivalent to a standard form M || S*: P = M || S*. Let a € Apya, My, My € Ly,
and Sy, 5 € LgIf My || S; and M, || S5 are in standard form then (M, || ST = M, || S3)
& (My = Ms and S; = S;). Also, a || My = a || My < My = M,. By using these properties
and some further technical lemmas, we prove that a | P=a || Q < P =Q, for any a €
Apna, P,Q € Lpna.

Lemma 9.3

(a) Let g = ([x1, ..., 2] [y1, .. ym]) € G. If P —L5 P’ then there exists a component
Q€ Lpya suchthat P=x1 || - || zn || g | Q and PP =1 || -+ || ym || Q-

(b) Let (a €)Apna be the set of elementary Lpna components introduced in Definition
9.2(a). For any a € Apna, and P,Q € Lpna: a || P=al| Q < P = Q. More gener-
ally, for any aq,...,a, € Apna, and P,Q € Lpya: a1 |- |an || P=ay || -+ || an ||

Qe P=Q.

Proof: Lemma 9.3(a) follows by an easy induction on the depth of the inference of P 2 P
For Lemma 9.3(b) it is enough to prove that: a || P=a || Q & P = Q, forany a € Apya,
and P,() € Lpya. Next, the more general property ai || -+ || an || P=ay ||| an || @
< P=Q, for any aq,...,a, € Apya, and P, Q) € Lpya, follows immediately.
The implication P = @ = a || P = a || @ follows easily by using property (C1) (Definition
4.1). In the sequel we prove that: a || P=a || Q = P =Q, forany P,Q € Lpya, a € Apna.
Let (Mp,Sp) € SF(P), (Mg, Sq) € SF(Q). By Lemma 9.26, Mp || Si, and Mg || Sp
are in standard form and P = Mp || Sp, Q = Mg || S;. By Lemma 9.8, if a € Sp then
Sp=a| (Sp\ a). Hence, by Lemma 9.13(c), if @ € Sp then a || S} = S5. Hence:
_ o _ | Mp| Sy if a€Sp
a"P‘a"<MP"SP)‘{<a||Mp>||S;a it o ¢ Sp
_ ) — MQHS& ifaESQ
clQ=al 0 lsp)={ (805 5§ ne o
By Remark 9.7, a € Sp < a € ms(Sp) and a € Sg < a € ms(Sg). By using Lemma 9.28,
from a || P = a || @ we infer that Sp = Sg. By Lemma 9.10, ms(Sp) = ms(Sg). By using
Remark 9.7: a € Sp & a € ms(Sp) & a € ms(Sg) < a € Sg. Therefore we have two
subcases.

o Ifac Sp(&ac Sg) then P=Mp || S;p = Mg || Si, = Q,
o Ifa¢ Sp(<a ¢ Sy) then

—al| P=(a| Mp)| Sp, and (a || Mp) || Sp is in standard form, and
—al|lQ=(a| Mg) | S5, and (a || Mgq) || S is in standard form,
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In this case (a || Mp) || Sp = (a || Mg) || S5 By Lemma 9.28, Sp = S; and
al| Mp=a| Mg. By Lemma 9.12, Mp = M. Hence again, P = Mp || S; = Mp ||
Sh=Q. a

In subsections 9.1 and 9.2 we present some auxiliary properties required in the proof of

Lemma 9.3(b).

9.1 Properties related to £,; components

In this subsection we study the properties of £,; components. The sets Apya, Ly and Lg
are introduced in Definition 9.2.

Definition 9.4 Let [Apna| be the set of all finite multisets of elementary Lpna components.
Let 30 be a distinct element, 0 ¢ [Apna]. Formally, 33 is just a symbol. Intuitively, we use
0 to denote any infinite multiset. We define a mapping ms : Lpya — ([Apna] U {35}) by:

7m@ﬂ:{n if ms(P) =

o0 otherwise
ms(Py || Py) = ms(Py) ¥ms(Py)

where, when @,ay,as € [Apnal, @1 Way is the standard multiset sum (introduced in Section
2.1) and with 36 we compute as follows: coWa =a W0 = 50 W0 = 0.

Remarks 9.5
(a) ms(P) is clearly well defined, by structural on P € Lpya.
(b) On Ly, ms behaves as follows:

ms(0) = ]
ms(a || M) = [a] ¥ ms(M)

ms(M) € [Apnal (i.e., ms(M) #33), for any M € L. Also, |ms(M)| € N, for any
M e Ly.

Definition 9.6 We define a € M (€: Apya X Ly — Bool) by:
a€ 0= false
ac(d||M)=(a=d)V(ae M)

We also define M\ a (\ : Ly X Apna — Lar) by:
0\a=0

, / M if  =a
@INe={ ¥ v i g
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a € M and M \ a are mappings defined by structural induction on M. We write a ¢ M to
express that —~(a € M). By a slight abuse for the function names we use symbols that are
traditionally used to represent (multi)set membership and (multi)set difference. However, it
will always be clear from the context which is the type of € and \.

Remark 9.7 a € M < a € ms(M),VM € L.
Proof: Easy structural induction on M.

Lemma 9.8 For any a € Apya, M € Ly;:
(a) a € M <= a € ms(M).
(b) If a € M thenal (M\a)=M

Proof: For Lemma 9.8(a), the proof of the implication (=) is an easy structural induction
on M, and the proof of the implication (<) can proceed by induction on |ms(M)|.
The proof of Lemma 9.8(b) can proceed by structural induction on M.

e Case M = 0. In this case the property holds trivially, because a ¢ M (the assumption
of the Lemma fails in this case).

e Case M =d' || M'. Two sub-cases:

—Ifad=athen M\a= M hencea | (M\a)=d | M =M= M.

—Ifd #athen M\a=(d||M)\a=d | (M \a). By the induction hypothesis
a |l (M'\a) = M. Therefore, M = a | M'=d || (a || (M'\a)) = a | (@ |
(M'\a)) =al| (M\a)

Lemma 9.9 For any a € Apya, M € Lyr: ms(M) \ [a] =ms(M \ a).
Proof: By structural induction on M.
Lemma 9.10

(a) For any P € Lpna: ms(P) =[] implies P = 0.

(b) For any P € Lpya: ms(P) = [a] implies P = a.

(¢c) For any Pi, Py € Lpna: P = Py implies ms(Py) = ms(Py).

Proof: The proofs of Lemma 9.10(a) and Lemma 9.10(b) can proceed by structural induction
on P. The proof of Lemma 9.10(c) can proceed by induction on the depth of inference of
P, = P, considering the various cases for the last step of inference of P, = Ps.

Lemma 9.11 For any My, My € Ly;: My = My < ms(M;) = ms(Ms).

Proof: The proof of (<) can proceed by induction on |ms(M;)| = |ms(Ms)|. By Remark
9.5, ms(M) € [Apnal, and |ms(M)| € N, for any M € L.
(=) is an immediate consequence of Lemma 9.10(b).
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Lemma 9.12 For any My, My € Lyr,a € Apya: a || My =a || My < My = M.

Proof: (<) is obvious.

For (=) we notice that a || My = a || My implies ms(a || M1) = ms(a || Ms), by Lemma
9.11. Therefore, [a] W ms(M;) = [a] W ms(Ms), which implies ms(M;) = ms(Mz), hence
M, = M,, by Lemma 9.11.

9.2 Properties related to standard forms

We recall that the notion of a standard form was introduced in Definition 9.2. In this
subsection we present a recursive algorithm for computing standard forms. It is easy to
establish the following Lemma.

Lemma 9.13 For any P,Q) € Lpna:

(o) (P Q)= (P Q),

(b) (P" || Q) = (P || Q)*, where (as in Definition 6.1), for any P € Lpya,n € Nt we
define P™ by induction on n: Pt = P, P""' = P || P,

(c) P (P|Q)=(P| Q) and
(d) (P™)* = P*, for any n € NT.

We also recall that (a,b €)Apya is the set of elementary Lpya components: a = z | g.
According to our convention presented in Section 2.1, @,b € [Apya] denote multisets of
elementary components.

Definition 9.14 We define a mapping sf : Lona — ([Apna] X [Apnal) by:
sf(0) = ([, )
sf(a) = ([a],]])
sf(PL]| Po) = let (@, b1) = sf(P1), (@,b2) = sf(P2)
in (@ W)\ (By UBa), By UT)
sf(P*) = let (@,b) = sf(P)in ([, {al UD)
Remark 9.15 If P € Lpna and (@,5) = sf(P) then a\b =@, and {B]} = 5.
Proof: By structural induction on P.
Lemma 9.16 For any M € Ly: sf(M) = (ms(M), []).
Proof: By structural induction on M.

Lemma 9.17
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(a) For any S € Lg: {{ms(S)[} = ms(S).
(b) a || S € Lg implies S € L.
(c) For any S € Lg: sf(S*) = ([J,ms(95)).

Proof: Parts (a) and (b) follow by the definition of L£g. The proof of part (c) can proceed
by structural induction on S.

Lemma 9.18 If M € Ly, S € Lg are such that: ms(M) \\ ms(S) = ms(M) then sf(M ||
S*) = (ms(M), ms(S)).

Proof: By Lemma 9.16 and Lemma 9.17, sf(M) = (ms(M),[]), and sf(S) = ([], ms(9)).
By the definition of sf, sf(P; || P2) = (ms(M) W []) \\ ms(S), ms(S)) = (ms(M), ms(S))

Lemma 9.19 For any Pi, P, € Lpya: PL = Py implies sf(Py) = sf(Ps).

Proof: By induction on the depth of inference of P, = P5, considering the various cases for
the last step of inference. We consider two cases.

e Assume that rule (D2) is used in the last step, i.e., forsome P,Q € Lpya: PP =P || Q=Q | P = P».
In this case

sf(P)=sf(P| Q)

= let (@p,bp) = sf(P),(@q,bo) = sf(Q) in ((@pwag)\\(brUbg),bp U bg)
[W and U are commutative]

= let (ag,bg) = sf(Q), (@p,bp) = sf(P) in ((agWap)\\ (bgUbp),boUbp)
=sf(Q | P)=sf(P)

e Assume that rule (P1) is used in the last step, i.e., for some P € Lpya: P, = P* =
P || P* = P,. In this case

sf(Pr) = sf(P*) = let (a,b)=sf(P) in ([, {altubd)

and

= (0 {laly ub) = sf(P*) = sf (1)

Lemma 9.20 If S,S51,5; € Lg are such that ms(S) = ms(S1) Ums(Sy) then S* = (S ||
So)*.

Proof: By structural induction on S.
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Lemma 9.21 If M, M' € Ly,S € Lg are such that ms(M) = ms(M')\\ ms(S) then
M| S*=M || S*.

Proof: By structural induction on M’.

Lemma 9.22 If M € Ly,S,5 € Ls are such that ms(S) = {ms(M)[} U ms(S’) then
S* = M* || S™. 0bs.2.9

Proof: By structural induction on M.

Definition 9.23 We define a mapping SF : Lpna — Pugin(Lar X Lg) by
SF(P)={(M,S) | (@,b) = sf(P),ms(M) =a,ms(S) = b}

Lemma 9.24 For any @ € [Apna)| there exists M € Ly such that @ = ms(M).

Proof: By induction on |a|.

Remarks 9.25 For any P € Lpya

(b) The set SF(P) is finite and nonempty (according to Lemma 9.24), for any P € Lpya,
hence SF is well defined.

(¢) Let (M,S) € SF(P). According to Remark 9.11, ms(M) \\ ms(S) = ms(M).
(d) If (M,S) € SF(P) then M || S* is in standard form.

Lemma 9.26 For any P € Lpna and for any (M,S) € SF(P): P= M || S*, and M || S*
is in standard form.

Proof: Let (a,b) = sf(P). Let (M, S) € SF(P). By Definition 9.23, ms(M) = @, ms(S) =
b. We must prove that P = M || S* and M || S* is in standard form. We proceed by
structural induction on P. We consider two subcases.

m() . By

e Case P = a. In this case sf(P) = sf(a) = ([a],[]), and ms(M) = [q]
a=al 0*=M]| S*

Lemma 9.10(a) and Lemma 9.10(b), M =a, S = 0. Hence P =
Obviously, a || 0* is in standard form.

e Case P = Q*. Let sf(Q) = (a,b). By the induction hypothesis, for any (Mg, Sq) €
SF(Q) (ie., for any Mg € Ly, Sg € Lg, such that ms(Mg) = @, ms(Sg) = b) we
know that Q = Mg || S5, and Mg || Sp) is in standard form.

sf(P) = sf(Q*) = ([], {al} Ub). We must prove that if M € Ly, S € Lg are such that
ms(M) =[] and ms(S) = {[alf Ub = {ms(Mg)[} Ums(Sg) then P = M || S*. This
follows by using Lemma 9.22:

P=Q = Mq| S [Lemma 9.13(a)]

14We recall that Prsin(-) is the set of all nonempty and finite subsets of *-’; see Section 2.
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= Mg || S5 [Lemma 9.22]
= 5* [ms(M) =[], hence, by Lemma 9.10(a), M = 0]
=M| S*
Obviously, ms(M) \\ ms(S) =[] \ ms(S) =[] = ms(M), hence M | S* is in standard

form.
Lemma 9.27 For any P,Q € Lpna if sf(P) = sf(Q) then P = Q.

Proof: sf(P) = sf(Q) implies SF(P) = SF(Q). Let (M,S) € SF(P) = SF(Q). By
Lemma 9.26, P = M || S* = Q.

Lemma 9.28 If My, My € Ly,S1,52 € Ls are such that ms(My) \\ ms(S1) = ms(M),
and
ms(M2) \\ mS(Sg) = mS(Mg) then M1 || Sik = M2 H S; = M1 = MQ, Sl = Sg.

Proof: (<) is obvious.
For (=) we compute as follows:

(ms(My), ms(S1)) [Lemma 9.18]
= sf(M, || ST) [Lemma 9.19]
=sf(M; || S5) [Lemma 9.18]
= (ms(Ma), ms(52))

By Lemma 9.11, My = M5, S = S,.

10 Concluding remarks

By using metric semantics, we related formally different semantic models for a language based
on the combinatorial strand algebra introduced in [7]. The formalism consists of a process
algebra language which incorporates some basic concepts of DNA computing: signals, gates,
join synchronization [10] and unbound populations. We presented a denotational semantics
and we proved the correctness of the denotational semantics with respect to an operational
semantics introduced in [7]. To the best of our knowledge this is the first work (apart from our
conference paper [9]) providing a study of comparative semantics for a concurrent language
inspired by DNA computing. In [8] and [17] we use metric spaces in designing denotational
models for parallel rewriting of multisets and join synchronization, respectively. However,
the semantic models presented in [8] and [17] are designed with continuations and are not
close to the DNA strand algebra investigated in this paper.

We intend to continue the research concerning the behavior of DNA systems by using
methods in the tradition of programming languages semantics. Our next aim is to design a
fully abstract denotational model for the formalism that we investigated in this paper.
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