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Abstract. Structural analysis of High-Level Petri Nets is a powerful
technique, but it is less supported than in PNs. A symbolic calculus
for Symmetric Nets (SNs) has been developed and implemented, which
allows one to check structural properties directly on SNs without unfold-
ing: however it is limited to a particular form of composition, restricted
to functions that map to sets. To complete the calculus for more general
applications the ability to solve the composition of general SN arc ex-
pressions in a symbolic way is required. In literature, a few papers show
how to solve this operation for a restricted category of SN. In this pa-
per, we formalize the algebraic composition of general SN bag-functions.
Some applications are also discussed.

1 Introduction

The possibility of checking some properties of PN models on their structure
instead of (or before) generating their state space is a strong point in favour of
the PN formalism. The extension of the structural analysis techniques to High
Level Petri Nets (HLPNs), without resorting to unfolding, has been considered in
the literature and some interesting results have been published [11,13], however
the applicability of the proposed methods is often limited to particular classes
of HLPNs and not completely supported by software tools.

A contribution in this direction has been proposed in [6,4] for models repre-
sented with the Symmetric Net (SN) formalism: it consists of a symbolic calculus
operating on the arc expressions of the formalism, allowing to derive several in-
teresting structural properties in a symbolic and parametric form; the software
tool SNexpression [7] (http://www.di.unito.it/~depierro/SNexpression/) im-
plements the results developed so far in this direction. One limitation of such
calculus concerned the composition operator, which could be applied only to the
support of arc expressions (hence to functions mapping to sets): although this
is sufficient for the computation of several symbolic structural relations (e.g.
symbolic structural conflict or causal connection [5]) it is not enough e.g. for
checking some invariant properties based on the definition of P and T-semiflows,

or for applying model reduction by agglomeration of transitions, two techniques
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that have been applied to concurrent programs verification [11]. This paper fills
the gap by defining the theory allowing to symbolically apply the composition
operator to general SN arc functions.

Paper organization: Some definitions and notations are introduced in Sec. 1.1
and 1.2. Sec.s 2 and 3 introduce some useful definitions and properties, while in
Sec. 4 we describe the steps to solve the general composition of SN functions. In
Sec. 5 two example applications are illustrated. Sec. 6 concludes the paper and
outlines directions for future work.

1.1 Generalized Bags: basic definition, notation and properties

A (generalized) bag b over a domain A is a map b: A — Z. Bag[A] is the set of
bags over A. Let a € A and b € Bag[A]: we write a € b if and only if b(a) # 0.
The set b = {a,a € b} is the support of b. The bag with an empty support, is
denoted 0 4 or just @ if its domain is clear from the context. Bags b1, by € Bag[A]
are disjoint if and only if by Nby = (). A proper bag is a map b : A — N. The set of
proper bags over A is denoted Bagt[A]. The size of b € Bag™[A], |b],is >, b(a).
Bag b is type-set if Va € b b(a) = 1. A bag b # () may be represented as a formal
sum ), .4 b(a).a. Let by, by € Bag[A], k € Z. The scalar product & - b; and the
sum (diff) by £ by are operations in Bag[A] defined as (k- b1)(a) = bi(a) - k and
b1 £b2(a) = bi(a) £ba(a), Ya € A. Operator + is associative, — is associative on
Bag[A], not on Bag™[A], + is commutative. {) is the neutral element for +,—.

The Cartesian product is defined as follows. Let by € Bag[A], ba € Bag[B]:
b1 x by € Bagl[A x B]is by xba({(a, b)) = bi(a)-ba(b), Va € A,b € B. The notation
(b1, ba,...) is used in place of by X by X .... The Cartesian product is associative
and may be distributed over inner +,—: (... ;b1 op ba,...), op € {+,—} =
<,b1,> op <,b2,> Fmally7 <,kb1,> =k- <,b1,>

Generalized bags allow to distribute composition over sum or difference: in
our context it simplifies the symbolic treatment of general composition.

1.2 A brief introduction to Symmetric Nets
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Fig. 1. A SN example: Producers and Consumers
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The SN formalism belongs to the HLPN class: places and transitions are
associated with a color domain C(.) expressing the possible colors of tokens
and of the transition instances. Arcs are annotated by expressions, representing
functions from €(t) to multisets Bag™[C(p)]; W~ (p,t) and WT(p,t) denote ¢
input and output arc expressions. The structure of a color annotation is based
on the definition of color classes (finite not empty sets), which may be parti-
tioned into (static) subclasses or be circularly ordered, and on a restricted set
of basic functions: S;, S; x, X;, ! X; namely diffusion/synchronization (on class C;
or subclass C; ), projection X7 and successor !X7 (only for ordered classes).
Color domains are defined as Cartesian products of n classes, where classes may
be repeated. The arc expressions are weighted sums of tuples (Cartesian prod-
uct) of basic functions (see Def. 4). The SN in Fig.1, represents a classical inter
process communication example: producer and consumer processes communi-
cating through a buffer (FIFO queue). There are two color classes, C; (circu-
larly ordered, representing the position of messages in the buffer) and Cs (id
of producers/consumers), partitioned into two subclasses Cay, Cas. The places
color domains are Co, Cy, C7 x Cy (tokens are tuples of one or two elements);
some places and one transition in this net have neutral color (as in PNs, e.g.
place empty and transition ProduceBurst). The transitions have color domain Co,
C1 x Cy, C1 x C2, depending on the projection symbols appearing on their arcs;
transition Get has a guard: a predicate restricting the allowed color instances.
Arc expressions in Fig.1 are quite simple: (X3), (IX1), (X1, X3), (S2.2). A guard
is a boolean expression whose terms can be either (Xf = Xf)/('Xf = XF) or
Xij € Ci . An example of transition instance is Get(posl,pcl,pc2): it satis-
fies the guard (the two colors pc2,pc3 € Cy belong to the same subclass Cas),
and the projection Xi (posl,pc2,pe3) = posl, while X% (posl,pc2,pc3) = pe2,
X2(posl,pc2,pc3) = pe3, finally | X{ (posl, pe2, pc3) = pos2. A more formal defi-
nition of the SN arc expressions is deferred to Def. 4. Produce_burst has only one
instance since the functions (Ss3) on its arcs are constant, mapping on Cas.

An incidence matriz can be derived from the SN structure:

Definition 1 (Incidence Matrix). The incidence matriz C of a HLPN model
N is a P x T matriz of functions: Clp,t] = W (p,t) — W~ (p,t). If a transition
instance t(c) enabled in marking m; fires, the corresponding state change can be
defined in terms of the incidence matriz as: m; = m; + C[.,t](c).

Among the structural analysis techniques that can be applied to SN models those
based on the definition of P and T-semiflows allow to check interesting invariant
properties of the model. The general composition proposed in this paper enables
such possibility by allowing to compose the functions in C with T or P-indexed
vectors of functions to check if they are semiflows, as discussed in Sec. 5.

2 Bag-expressions: general properties of composition

Operators op € {4+, —} on functions mapping to Bags are defined as follows, in
terms of Bag-operations. Let f,h : A — Bag[D], op € {+,—}: (f op h)(a) =
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f(a) op h(a), (k- f)(a) = k- f(a), YVa € A. The constant function mapping to
the null bag is denoted €4, p (or just €).
Let {f; : A — Bag[D;]} be a family of functions: the function-tuple (fi, fa,...)
(or ®;fi),isamap A — Bag[D1 X Da X ...J: (f1, f2,..)(a) = (f1(a), f2(a),...).
The properties of operations on bags, as well as the type-set notion, apply
to bag-functions by considering all function arguments. We call any expression
built of bag-functions a bag-expression.

Definition 2 (composition). Let f : A — Bag[D], h : C — Bag|[A]. Then
foh:C — Bag[D] is foh(c) = f*(h(c)), Ve € C, where f* : Bag|A] — Bag|D]
is the linear extension of f defined as f*(b) = >, 4 b(a) - f(a), Vb € Bag[A].

We shall use the same symbol for a function and its linear extension. When a
function takes a bag as an argument we implicitly refer to its linear extension.

The possibility to distribute composition over a difference or sum during the
symbolic calculus, thanks to generalized bags, is very helpful because a complex
composition may be reduced to an algebraic sum of simpler ones.

Bag-expressions may be prefixed by filters and suffixed by guards, both ex-
pressed as predicates. A [true] guard/filter is usually omitted. Let p : A —
{true, false}. A filter or guard [p] is a function A — Bag[A] such that [p](a) =
1xa if p(a) = true, [p](a) = 0 otherwise. Let f : A — Bag[D], and p’ be a predi-
cate on D. The expressions f[p] and [p']f stand for fo[p] and [p']o f, respectively.
The following definition characterizes an important class of functions.

Definition 3 (constant-size function). f : A — Bag™"[D] is constant-size iff
In € NT such that Va € A f(a) # 0 = |f(a)| = n.

Hereafter, with f constant-size we mean f = f’[p], with f'[p] = € iff p =
false. The following two general properties of composition concern constant
and constant-size functions.

Property 1 (composition of a constant and a constant-size function). Let f :
B — Bag[D] be a constant function so defined: f(b) = d,Vb € B. And let hlg] :
A — Bag[B] be a n constant-size function, where h[g|(a) = 0 iff g(a) = false.
Then, the composition f o h[g] is defined as follows: Va € A, f o hlg] =n - f'[g],
where f'[g] : A — Bag[D)] is such that Va € A, g(a) = true = f'(a) = d.

Property 2 (composition of a tuple including a constant). Let f’ be a constant
function. Then (f, f'Y oh = (f o h, f').

Since f and f’ might be tuples in turn, Property 2 applies (up to a permutation
of tuple positions) to any 7' o h, where T := (f1,..., f;n) contains some constant
components and others non-constant. We may thus reduce such a composition
to T" o h, where T” is built of all and only the non-constant components f; of T
In the sequel, we focus on this case.
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3 A language for composition of SN functions

Let us anticipate the main result presented in this paper by introducing the
language used to calculate and express the composition of SN functions.

Definition 4 (Language L¢). Let

-D=C7" xC5? x ... x Cen e, €N, be any color domain, i.e., a Cartesian
product of colour classes (e; = 0 means that C; doesn’t occur on D).

- BP = {Xf,Si,Si7k,!“;Xg : D — Bag[C’i}},i s l,..on, i1, e, ko
L,...,||Cill, s € Z; be the set of elementary functions, where !* denotes the
s-th mod,c,| successor on C; (FX] =150 X] 19=1id)*.

-T; : D — BaglD'], T; = (f1,... fi), and ¥r : 1,...,1, fr + D — Bag[Cy],
fr =20 Bm hm, Bm €Z, hyy, € BP; f. is said a class-function.

- g;» and g; be SN predicates on D' and D, respectively, such that all class
functions appearing in T;[g;] map to proper bags when g; is true.

o= {E:D— BaglD', E =Y \[g)]T;lg,.¥D, D'}, ) €2
J

Any class-function f,. has as implicit guard: the guard of the tuple it belongs to.
Theorem 1. L€ is closed under composition.

The properties and lemmas presented in the rest of the paper justify the
claim above®. Before that, let us point out a few interesting facts about L£°.
L€ includes SN arc-functions, where scalars are such that they map to Bag™[D’].
The possibility of prefixing function-tuples with filters makes L€ slightly more ex-
pressive than the language of SN arc-functions, and has recently been included in
the GreatSPN GUI. With respect to the language (£) of SN structural relations
defined in [4,5] and implemented in SNexpression [7] the main difference is that
class-functions belong to SN legacy: S; — X7 is a difference between elementary
functions (often treated as an idiom), not a new symbol; the intersection opera-
tor (though helpful) is not part of the language; scalars are in Z; class-functions
and, consequently, function-tuples are themselves bag-expressions, whereas both
in £ and the new GreatSPN GUI [2] they are set-expressions. As long as we re-
strict to expressions mapping to proper bags, however, £ and L€ are equivalent.
We use L€ for the sake of convenience/efficiency during the symbolic calculus.

The next important properties of L£¢ directly follow from the definition of £,
the Cartesian product and filter/guard properties, and the basic predicate reduc-
tions listed in [8], Appendix A.2; these properties ensure that a few assumptions,
prerequisites for the application of the lemmas presented in next section, can al-
ways be met, possibly after the transformation of the involved expressions into
equivalent ones satisfying such assumptions. The proof of all relevant properties
and lemmas of this paper are reported in [8], Appendix A.1.

4 symbols 1° X f , with s # 0, and S; ; are mutually exclusive because we assume a color
class is either partitioned or circularly ordered.

5 showing the closure of £¢ under all the other operations on bag-expression (sum,
difference, intersection, transpose), though much simpler, is not the focus here.
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Property 3 (conjunctive form equivalence). Any E € L¢ can be rewritten into
E’ € L£¢, E' = E, in which the predicates of filters/guards are conjunctive forms
exclusively composed of (in)equality /membership clauses.

Property 4 (type-set equivalence). Any E € L¢ can be rewritten into E' € L€,
E’ = E, in which class-functions (therefore, function-tuples) are type-set.

Property 5 (constant-size function). Any class-function f, is constant-size when
considering its implicit guard. |f,| is the weighted algebraic sum of sizes of el-
ementary terms of f.. A function-tuple not prefixed by a filter is constant-size.
Its size is the product of sizes of tuple’s components.

For instance, |(S; — X{ — X?)|, with the implicit guard X{ # X7, is equal to
|C1| — 2. This expression is also type-set.

A function-tuple prefixed by a filter may not be constant-size. An example
is [X] = X2)(S1 — X?,581 — X{): the size of this function-tuple depends on
whether the 1st and 2nd element of a color-tuple argument are the same or not,
it is |C|] — 1 when applied to (c,¢) and |C| — 2 when applied to (c,c),c # .
Observe that the projection symbols appearing in the filter refer to the elements
of the tuple (X7 is the j-th element of class C; in the tuple), and should not be
confused with the projection symbols appearing within the tuple or the guard.

Property 6 (constant-size equivalence). Any E € L€ can be rewritten into E' €
L¢, E' = E, uniquely composed of constant-size terms.

Thus, if needed, we can transform any expression into an equivalent sum of
constant-size (and/or type-set) terms. We will return to this in Section 4.1.

When calculating a Cartesian product, we have to take care of possible filters.
Since we consider domains ordered by color, we only have to deal with two cases.

Property 7 (L° tuple Cartesian product with filters adaptation).

Let Fi,Fo € L, F1 : D — D/, Fi = [gl]Th Fy:D— DH, Fy = [gg]TQ, such
that D', D" are either a) disjoint or b) D' = C™, D" = C", n,m € N*.

Then (Fy, Fp) = [g1 A g2*]{(T1, T»), where go* = g2 in case a), go™* is obtained

by replacing each X7 in go with X7 in case b).
All results we are presenting hold modulo a permutation of tuple elements.

3.1 Conventions/notations used in the sequel

Lower-case letters f, g, h, p denote class-functions and predicates, if enclosed be-
tween angular and square brackets, respectively, otherwise represent any bag-
expression (like in Section 2). Upper case F' denotes any expression in £¢ whereas
T any (guarded) function-tuple in £¢. Var(f) denotes the set {X7} of variables
(projections) appearing in f: if f = [¢]f’[¢] then Var(f) = Var(f) U Var(g).
Let X be a non-empty set of typed variables: f(X) denotes a function such
that Var(f) = X. We may list all function variables, e.g., f(X7, X}*) meaning
that Var(f) = {X/, X}*}. The subset X; C X holds the class-C; variables.
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Index restriction”™ Let D: C{'...xC¢», f = f(X) : D — Bag[D'], and e = 1X]
(by the way, e < e;). The index restriction of f is a function f: Clell o X Cfll" —
Bag|[D’], obtained from f by replacing symbols in X J’ € X, in superscript order,

with X;,...,X?, for each j, e < e;.
For example, let T = (X{ + 2X3, X3, X2): C13 x Co? — (12 x Oy, then

Tr = <X11 +2X12,X12,X21> : 012 X CQ — 012 X CQ.
Let X be a set {X!}, X7: D — Cj.

Domain projection II By convenience, we assume X ordered, first by class index
then by superscript. We say the tuple Il , : D — D' = ®yicxX; projection
; i

of D (on D’) induced by X. D is omitted when clear from the context.

Projection image  Let T" = (hi,...,hy) with codomain D. The image of X
on T" is the subtuple T/Y = ®,.3xicx i, With the same domain as T". We denote
° J

by T the residual sub-tuple of 7".

4 Composing L¢ expressions

Let T : D — Bag[D'], T' : D" — Bag|D], D = C{*'... x C¢, X = Var(T) and
Var(T) # 0. Tuple T may have a guard, i.e., T = (f1,..., fn)[g]- Solving T o T"
means being able to rewrite this expression into F' € L€.

The algorithm to solve composition operates top-down. Each step is described
in detail in this section. We proceed by making assumptions more and more
stringent on T,7T", until we get a base form.

Figure 2 outlines the main steps of the composition procedure on an exam-
ple. At each step some rewriting rule is applied, possibly involving a sub-term
(highlighted using under-braces): it is described in the legend along with the
reference(s) to the corresponding lemmaf(s).

We hereafter assume to have preliminarily operated all generic reductions
described in Sec.2 (see e.g. the first step in the example of Fig. 2), thus we let
T be (f1,.--, fn)lg], where Vi Var(f;) # 0, and T" = (hq,..., hp).

Property 8. T =1T" o Ill%.

A first basic result says that we can solve T oT” by considering T" and the image
of Var(T) on T".

Lemma 1. Let T = T(X) and T # T'. If T' - is of constant-size k, then:
ToT'lg]=k-T" oTly']

Lemma 1 is applied twice in Fig. 2; follows a third example (|251 — X7| = 2|C1|—1):

(X1, X1,81—X3)0(S1,251— X1, S11+X1) = (2|C1]|—1)-(X1, X1, S1—X7)o(S1, S11+X7)

Based on Lemma 1 (and Property 6), we focus on tuple compositions where the

image of left tuple’s variables coincides with the entire right tuple.

A second basic result allows one to distribute a composition over the inde-
pendent parts of the left operand (up to a permutation of tuple elements).
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const. T1: Cy Ty: Cy 91: C1 92: Ca

(S+812,2- 811 — X1, X}, 82 — X3, X3)[X] € Cu, X; # X3, X3 ?HngXz # X3]o (S1

1
v
F(x1,x3,x3,x2,X3)

(S + 81,2, ( Tl,T2)[91 Ago] oT')

—
\
2

e \J T

T

— X3, X] + X3,512,5 + X3,52,5)

X
2-((2- 811 — X1, X1)[91], Tolgs)) © (1 — X3, 810, 82 + X3, 52, S2)

S cw—

(T{[g1] © (S1 — X1, S12), T [go] © (S2 + X3, 52, S2))

i L

(2- 811 — X1, X2) 0 (S11 — (X2[X? € C1a)), S1a) T 0 [g](S2, 2, 52) + Th 0 (X3, 8 — X3-171 X3, 855 — X3)
\
: |
% 8
((2- S0 = X1) 0 (S — (X2[X? € C1a])), X} 0 (S12)) l
o 7
| | l (1Cs1 1)+ 8, — 3, Xb) o (8, ~ X317 )

(2IC1a| =1) - S11 — (2- S11 — X3)[XT € C1al, S12) (S — X3, X3) 0
)

3

12

Fy

(IC2| = 1)(IC2| = 2) - (S2)

11

|

v (Co =1)(1Cal = 2) - [X3 # X3](S2,52) (|Gl = 1) - [X3 # X3)(Sa, S — X317 X3)
FI/

composition's result

2-(S+819,F,Fy + Fy)

2

rule short description reference(s)
1 constant pulled-out of the left tuple Property 2
2.8 left tuple restriction and projection on the right tuple Lemma 1
3,6 |distribution of composition on independent left sub-tuples Lemma 2
4 reduction (move) of a membership clause of g see [8], Appendix A.2
5 distribution property, reduction to a simple tuple-prefix Claim 1, Def. 5
7 elimination of an in-between guard built of inequalities |Corollary 2, Lemma 5
9 distribution property and composition of a left constant Property 1
10 elementary composition Sect. 4.1 (table)
11, 12

basic composition (variable repetitions on the left tuple)

Property 14

Fig. 2. A complete composition example (C1 is a partitioned class, C2 is ordered).
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Lemma 2. o -
Let T = (F1(X1),...,Fn(Xn)) AV, 4, i#j,Xiij =0, /\T/Y:T,'

ToTl' =(F\"oTg ,...,Fy 0T )

In other words, one can separately compose independent sub-tuples of T with
their images on 7", whatever form they have. As a consequence, due to color
independence, one can partition 7' (and T") in sub-tuples based on color-classes.

We therefore focus on function-tuples Cf — C¢ and hereafter omit class
index in basic functions: X7 replaces Xij , S; replaces S; ;, S replaces S;. We
assume that monochromatic tuples do not include independent sub-tuples.

Lemma 2 exploits a nice property of linear extension of Cartesian product of
bag-functions by which, if an argument is in turn a product of bags, it is possible
to evaluate the product-function in a modular way.

In Fig. 2 this Lemma is applied twice; follows another non-trivial example:

(X1, X308 — X2 X)X £ X3AX?#£ XY 0(S,25 — X{,8,5 +2X,) =
Lem.2

(X1 X3 XY # X3),(8 — X2 XD [X2 # X) 0 (8,25 — X1, 8,5 +2X,) "
(XL XX # X0 (S,8),(S — X1 XH[X! # X?]0 (25 — X1, S +2X5))

The two compositions that we ended up with are representatives of the base
cases of tuple composition we have to solve.

4.1 Tuple composition’s base cases

We can identify a few base cases of function-tuple composition as a result of
Lemma 2 application. One in which the left-hand tuple is a one-variable function
and the right tuple is a singleton. The others in which there is an infix predicate
(guard/filter) that cannot be eliminated. The presence of an infix predicate com-
plicates the solution of a composition. Based on properties of filters and filter
reduction rules we may reduce such expressions to a particular form. The follow-
ing statements assume that the right operand of a composition (7”) is possibly
followed by a guard.

Definition 5 (tuple prefix/composition simple form(s)).
Let T = (h1,..., hp). A tuple-prefix [g|T" is simple if and only if

1. g is a conjunction of (in)equalities, such that for each clause (X° i!SXj) n
g: hy is type-set, |h;| > 1, and h; =!%h;
2. let g— U g+ be the partition of g in equalities and inequalities
(a) if gz # 0, each partition g1 Ugs of gz is such that Var(gi)NVar(gz) # 0
(b) if g= # 0, then g— may be partitioned in g',...,g%, w € NT, such that
Vi, j, i # j, Var(¢h) N Var(gl) =0
VgL Var(gl)nVar(ge) = {X7}

T[g]l o T is a simple form of composition if and only if [g] o T’ is a simple
tuple-prefiz and Vi |[Var(gL) N Var(T)| < 1.
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Claim 1 We can rewrite any composition T[g] o T' that cannot be decomposed
according to Lemma 2 in terms matching Definition 5 (see [8], Appendiz A.2)

In other words, if required we may assume that infix predicates are made of
(in)equalities between projections which point to equal (modulo-successor) type-
set class-functions of T” of size > 1. Equalities define equivalence classes of
projections, one representative of each class must appear in inequalities, and at
most one occur on T. In Fig. 2 steps 4 and 5 lead to a form satisfying Def.5;
follows another example: Let (|Cq| > 1):

(S — X3 XND[X'" 4 X°AX' € ConX' =X%0(S,5,S+X") —

(S — XU XX #X?PAX" = X" 0(S2, 55, S2)+

(S2— X', XX =X"]0(S2,8 = 82,8) + (S2 — X', X o (X', S — X', XN[X" €

Tuples prefixed by a filter matching Definition 5 have an important property.
Property 9. A simple tuple-prefix [p|T : D — Bag[D’] is constant-size.

Four base cases have to be considered, they are listed below.

1. T(X") o (R)

2. T(X)[g] o T', with |X| > 1 and X D Var(g)
3. T(X)[g] o T', with X C Var(g)

4. Tg] o T", with Var(T)NVar(g) =0

Case 1: T(X!') o (h) In absence of infix predicates, we can always reduce to
one such form due to the distribution property of sum/diff. For example:

(S—X'+2X2% X o(hy, he) = ((S—X")o(h1), X o(ha)) +2|h1|- (X', X ) o (hy)
Case 1.a: |h| = 1; this is the simplest situation.

Property 10. Let |h| = 1. Then F(X")o (h) is obtained by replacing each occur-
rence of symbol X' in F with h.

It directly follows from the definition of composition.

For example, (S + X', X1) o (ha), |he| =1 — (S + ha, ha).
Case 1.b: |h| > 1. The basic compositions are summarized in the following table
(omitting tuple notation),the first one is applied in Fig. 2, step 10:

Basic composition rules and some useful identities
X'oh=hl"XY"oh=ChR[S—X'oh=|h]-S—h|S—""XToh=]|n]-S-I"h
'S =8 |ISI"X? =15T X 17 (hy & hy) =!"hy+!"hy

If T = (fi(X')) the above basic rules (and property 2) are enough. For
example, letting |Cy| = 3:
(28 = X'-1XY o (S — X?) = (45 — S+ X% — S+!X?) = (25 + X2 +1X?).
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Repetition of a projection in T Let T = (f1(X1),..., fm(X?1)), where (without

loss of generality due to Property 4) f;(X*') =!5 X! Vi (symbol !*X* from now

on denotes a projection possibly prefixed by the s-th successor). We consider

first an unordered color class, then we generalize.

Property 11. Let h be type-set. (X',..., X" o(h) =[A;a ,, X' =X (h,...,h)
——— ——

m>1 m
Here are some non-elementary, type-set class-functions®:
S—Xxt S X' - X2[X'#£X?;, S -X'X'e(C], S-X'-1XL
We can extend the above outcome to any color class.

Property 12. Let h be type-set.
(nXt X Yo (hy =\ X =1 TrOX (1M, T

:2..m
As an example:
XL X1 IXY o (S—X2) = [ X! =IX2A X = X3)(S5-1X2 8 — X2 §-1X2).
In some cases may treat the idiom S — X! as a single function for convenience.
Here are two situations that are more efficiently processed applying the following

properties, although they could be solved applying the previous rules. Without
loss of generality, in both cases S — X' is the last element of T.

Property 13. Let h be a type-set function.
(Xt XL S —XNo(h)y =[X# XA X' =X (h,...,h,S)
—_———

m m

:2..m—1

If there are no repetitions of X! then h may be any function.
Property 14. (X', S — X1) o (h) = [X! # X?|(h,S)

Case 2: T(X)[g]oT’,|X| > 1,X 2 Var(g) In this and in the next case we
may assume, without loss of generality, that g is composed of (in-)equalities and
T = {f1,..., fm), where f; =!*t X7 Vi. Consider, for example:

(X21X2 X3 PXH XY £ XPA XY £ 1X?] o (hy, ha, ha)

This expression doesn’t match £¢. However, we can transform the guard in
between into a filter prefixing the left tuple through an index substitution, i.e.,
an injective map ¢ : Var(T) — {1...m} associating each X" to the position of
any of its occurrences in 7. The picture below illustrates the idea.

(X21X2 X3 PXH XY £ X3 A X £1X2).

SR

The following rule formalizes the move of a clause of a guard g to a filter

prefixing T (X* Zkxi=xiZ 1=k X7).

6 if b is any bag, (X',...,X")(b) is obtained from [A,, ..
applying the m*" root to multiplicities of bag elements

X' = X'b,...,b) by
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Lemma 3 (transforming the infix predicate into a filter). Let ¢(i), ¢(j)
be any two occurrences of variables X*, X7, i # j, in tuple T.

(i) ¢(j) - , L ,
(o XXX S RXT L] s [ X0 T ks XU ]

T

Corollary 1. Let Tlg], with T = (f1,..., fm) and g be a set of (in)equalities.
IfVX'" € Var(g) there is f;, fj =1*X", then 3p T|g] = [p|T.

Therefore, if Var(T) 2 Var(g) the reiterated application of Lemma 3 eventually
removes the infix guard from T'(X)[g] o T".
Applying Lemma 3 to the last example,we can proceed with Lemma 2.

Lemg3 (X4 A2X3 A X% £ 12X2(X2,1X2, X3 12X Y o (hy, ha, hs)
Fem? 1 xt 223 A X1 # PX((XL XY o (ha), XY o (h), 12X o (hy))

Case 3: T(X)[g]oT’, X C Var(g) This situation is the most complex one.
The reason is that we must project on X = Var(T) the application of the filter
g on T’  in a symbolic way.

We assume that g is no further reducible, the composition to solve matches

Definition 5 and none of lemmas presented so far applies (in particular Lemma

1, thus T3,y = T7).

Let A C Var(g): we say ga = {(X*
of g to variables A.

A first simplification comes from the fact that we may take out equalities of
g. We recall that f” denotes the index-restriction of f.

i!"Xj) € g| X% X7 € A} the restriction

Property 15. Let [g]T” meet Definition 5, g— # 0, X =XU Var(g+). Then
T(X)lg)oT" = (T[gz])" o T

This nice property stems from the fact that (by Definition 5) 7" components
are equal (modulo successor) and in T only one symbol per equivalence class is
used. Here are some examples of application of Property 15. For simplicity, in
all the following examples X = {X*! ..., X™} (T =1T").

1)

Prop 15
)

XHX'=X% X' =1X%) 0 (S—1X?% 5-1X? S — X*?

2> P%hl [

XS —XYo(S-1X X' #£ X?(S-1X32S)

(X

(

2) (X'IX) X" £ 1X2%, X2 = X% 0 (S—1X%, 5 — X2, — x?) "ron’?
(XXX £ 1X7 0 (517, 5 — X?) WEET X 2 XS -1XP, S-1x7)

3) (X2, X3[X! £ X2, X2 # X4 X' = X% 0 (51,51, 51, 5) Tt

(X2, X3 [XT £ X2 X2 4 X)) 0 (81,51, 51, 51) (x1 .x2.x4) =

(

X2 X)X # X?, X% # X?]0(S1,51,51) (non-reducible with the available rules)
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Main sub-case: g = g+ We may therefore assume that g is a non-empty set of
inequalities and focus on Il o [¢]T".
In general, we figure out that it holds

T o 0T € o] 75 (1)

Equation 1 says that, disregarding bag multiplicity, the projection of [g]T’
on Var(T) is included in the restriction of [g] to Var(T) which applies to the
image of Var(T) on T". It follows from our assumptions, by which: g = g+.

In the sequel, we characterize particular forms [g|T” verifying

o [gIT" =k - [g9%]" T’y, keN (2)

showing that (modulo some rewriting) we can always reduce our expression to
such a form. An immediate corollary of (2) is:

Corollary 2. Let T =T(X), X C Var(g). If (2) holds and [g] o T’ is a simple
tuple-prefiz (Definition 5). Then:

T(X)[gloT =k -T"[g%]" o T, where k = H;Lﬂ% if llgx]"T| # 0, otherwise
X
k=0

Corollary 2 outlines that we bring a composition to a form where the variables
of the left tuple are a super-set of those of the infix predicate.
Consider this simple but interesting case where T[g] : C® — C2, T : C — C3.
(XL X)X A XPAX?#XPo(S— XN 8- X'S — X1 IC| > 2
T g T
In this case condition (2) is not verified: ITjx1 x2} o [g]T"(c) turns out to be,
for any c € C, |C| > 2:

(IC=2)x Y (¢,)+(C|-3)x > (¢, c"
o/ E€C el e o e EC o el e el Ecl!

The restriction of g[T'] to X = {X*, X2} used on the right-hand side of (2),
instead, is (S — X!, S — X1) (in this particular case, g% = {}). As the example
suggests, we should distinguish (in g) the case X' = X? from the case X! # X?2.

Since we are assuming that the requirements of Definition 5 are met, we may
conveniently study [¢]T” as a system of inequalities (in case of ordered classes,
the successors are all expressed modulo-|C|) among Var(g) variables, with the
implicit constraints X* € h;(c), VX* € Var(g), h; being the i-th component of
T'. Thus, [g]T"(c) is a type-set bag which corresponds to the system’s solutions,
while I o [g]T"(c) is a bag representing their projection on subset X.

Due to the symmetry of g and to the fact that functions h; are equal (mod-
ulo successor), we can abstract from both ¢ and 7 and consider any h; as a
(parametric) set of known size.

We put some conditions on g to ensure that the projection of the inequality
system’s solutions on X is the parametric multi-set consisting of k instances of
the solutions of the sub-system restricted to X, i.e., [g]" T/Y'
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We consider first an unordered color-class C'. In that case, h; = h, Vi, and
we may represent g as an undirected simple graph whose vertices are Var(g)
and whose edges connect vertices corresponding to variables that are required
to be different by a term of g. Abusing notation, we denote the same way ¢ and
the corresponding graph, leaving the context to disambiguate. Thus, we may
interpret g as a (proper) subgraph of g.

A few basic results of graph-colouring theory turn out to be useful for our
purposes (refer to [10] for all the details). Given a graph G = (Viz, Eg), where Vg
is a non-empty finite set and E¢ a set of unordered pairs zy, =,y € V(G), z # v,
and A € N, we define a A-colouring of G as a map ¢ : Vg — {1,2,..., A} that
assigns adjacent vertices of GG different values. We are interested in the number
of different A-colourings of G, denoted P(G, A). The minimum value of A such
that G admits a A-colouring is the chromatic number of G, denoted xa. The
value |V (G)| is the order of G. We say that G is empty if E(G) = (), complete (or
clique) if any two vertices are adjacent. A clique of order n is denoted K,,. We
use a few operations on graphs: let x, y be two vertices of G, G - zy, zy ¢ E(G),
is the graph obtained from G by merging = and y and leaving one occurrence
of possible resulting multiple edges; G — zy, zy € E(G), the graph obtained by
removing edge zy; G + a2y, zy ¢ E(G), the graph obtained by adding edge xy.

P(G, \) can be expressed as a polynomial in A, called chromatic polynomial of
G. This is interesting, since it gives us the possibility to express a composition’s
result in a parametric way. Computing x¢ is around O(2"), and computing
P(G,)\) is at least as complex. [10] shows, however, that for large classes of
graphs you can compute P(G, \) very efficiently, e.g., exploiting their modular
structure. How to compute the chromatic polynomial is out of the scope of the
paper, however, here are a few intuitive properties used in the sequel.

— (Fundamental reduction theorem) let z, y be two non-adjacent vertices of G:

P(G,\) = P(G-xy,\) + P(G + zy, \).

— Let G include K, and G’ be obtained from G by adding a new vertex x which

is (uniquely) linked to all vertices of K. Then P(G',\) = P(G,\)(A —1)

— Some known polynomials: P(K,,A) = AA—1)---(A—r +1); if G is an
empty graph of order n, P(G,A) = \"; ...

Any solution of the inequality system [g]T” (g, from now on) corresponds in
fact to a A-colouring of g with A = |h|, therefore, denoting with Sol(g,\) the
number of solutions of the inequality system, P(g, A) = Sol(g, A).

Lemma 4. Let [g]T" be a simple tuple-prefir, X C Var(g), and g be a clique.
Then, equation (2) holds and (Corollary 2) k = % if A\ > |X|, otherwise
k =0, where A = |hy|, for any h; in T".

It is sufficient to observe that for any two distinct A-colourings of g there are
(obviously) the same number of A-colourings of ¢g that include them. Moreover,
we know that xx, = and x4 > Xg-

We are always able to reduce a composition to the condition that meets
Lemma 4 by linking non-adjacent vertices of gw. Two such vertices are two un-
related variables X%, X7 € X, therefore we rewrite T o [g][T"] into the equivalent
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sum To[gA X" # XIT'+To[gAX* = XI|T'. Note that g\ X = X7, after sym-
bol replacement and removal of redundant inequalities (according to Definition
5) exactly corresponds to g - X X7.

By recursively rewriting and applying variable substitutions accordingly in
T we eventually get sub-compositions solvable with the lemmas above. Let us
instantiate this simple procedure and Lemma 4 on the last example.

(XL XX A XPAXT# XY o(S— XN S —X'S,— X" A=|C]—-1(>1)

T g T

= (XL XX EXPAXPAEXPAX A X o T + (X XX #£ X% 0T’

= (XL XD oA —2) X" £ XS — X', S — XY + (X, XY o(A—1)(S — X1

==X A XS - XS - XY+ A -DX" =X S - X", 5 - X

where A — 2 = ﬁgi;i; and A — 1 = igﬁf’;; Dealing with an ordered class C.

What if predicate g of the filter prefixing tuple 7" is defined on an ordered
class? In theory, the situation is even simpler because we can always rewrite any
inequality into a disjunction of equalities: for example, if |C| = 3: X! #1X?2 =
X1 =12X2v X! = X2, So, by expanding T o [¢]T" accordingly we eventually get
a solvable form.

This approach, however, may be inefficient and is not parametric. Therefore,
we slightly extend the technique based on graph-representation of g to ordered
classes. The graph representing g now has as vertices the symbols Symb(g) =
{I" X7} occurring in g and as edges, in addition to inequalities in g, those implied
by them: for any two symbols " X7 1° X7 € Symb(g), there is a corresponding
edge in the graph”. In this case, a A-colouring of g doesn’t necessarily match a
solution of the inequality system, i.e., P(g,A) > Sol(g, \),

Due to the circularity of C' there are a number of equivalent representations
for g. A first result concerns those cases where g may be expressed in a form
such that |Var(g)| = |Symb(g)|, i-e., for each variable there is one corresponding
symbol. In this case the previous results, in particular Lemma 4, still hold. When
|[Var(g)| < |Symb(g)| instead, an extension of Lemma 4 is needed.

Lemma 5. Let [g]T" be a simple tuple-prefic and X C Var(g). If a) for each
X' € Var(g)\X any two inequalities between X and X* use the same sym-
bol "X and b) g is a clique, then equation (2) holds and k = %ﬁ%?\;\) if
Sol(gx,A) > 0, otherwise k = 0, where X\ = |h;|, for any h; in T".

We can always rewrite any predicate g so that it meets condition a) of Lemma
5. Condition a) is redundant if [ X| = 1.

Observe that for computing Sol(g, A), for any inequality graph g, we can use
similar basic techniques as for the chromatic polynomial. See Fig. 2, step 7 and
[8], Appendix A.3 for a few examples of application of the last two lemmas.

" Let sucCmin and Succmae be the smallest and largest successor index in the formula;
we assume that succmaz — sSuccmin < |C|, so that for each two symbols !TXj, !SXi,
and for each ¢, I"X7(c) #!°X7(c); as a consequence we may have consider different
cases, depending on the size of C
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Case 4: T[g|oT', Var(T)N Var(g) = . We may reduce this case to one
solvable with Lemma 1. Indeed, we can express (modulo a tuple permutation)
[9]oT" as a Cartesian product ([g]"T7,,, () Ty 4r(g))» Where Ty, is the image

-Var ar(g

of gon TV. If [¢g]" ",ar(g) is simple we can directly use Lemma 1. For instance:
(XHIX? # X% o (S~ X1, 8,8) = (X') o (S — X', [X! # X°|(S,9)) =
AA-1)-(S-x") (A=]0))

5 Applications

This section presents two application examples: the symbolic verification of in-
variants in SN models, and the reduction of nets by agglomeration of transitions,
enabling more efficient qualitative analysis (as in behavior preserving reduc-
tions [3,11]) and quantitative analysis (e.g. elimination of immediate transitions
in Stochastic SN models, extending the technique defined for GSPNs in [1]).

Verification of P and T-invariants. P and T-semiflows inducing invariant prop-
erties in PNs have been introduced in mid 80s and extended to HLPN in 90s [13].
Algorithms to compute a generating family of P and T-semiflows of PN exist [9]
and are implemented in several tools; they can be applied to the unfolding of an
HLPN model, while the automatic derivation of high-level (symbolic) P or T-
semiflows is still an open problem, unless restrictions are imposed on the HLPN
formalism (as in [12]). Often the modeler is aware of which invariant properties
should satisfy a given model, thus the ability to automatically check whether
a P or T-indexed vector of functions is a P or T-semiflow is interesting. The
symbolic calculus implemented in the SNexpression tool [7], extended with the
composition presented in this paper, allows to implement such automatic check.
Let us illustrate how this can be done on the example net in Fig. 1; for the sake
of space only T-invariants are shown, while P-invariants are discussed in [8].

Definition 6 (T-semiflow of HLPN models).

Let y be a T-indexed vector of functions with color domain C(y), yl[t] :
C(y) — Bag[C([t)],t € T; y is a T-semiflow if Coy = nully. A T-semiflow
defines a (parametric) set of transition instances; given a color ¢ € C(y) if all
the transition instances in'y(c) can fire (in any order) starting from marking m,
they bring back the model to the same marking m.

Where nully is a P-indexed vector of functions such that nully [p] is a constant
function mapping any ¢ € C(y) into a constant empty Bag on C(p). In Table 1
two T-semiflows of the producers-consumers SN are listed. Their interpretation
is quite simple®: In order to reproduce a marking the pointers first and last
should be increased by one |C1| times, hence the producers should produce
|C1] items and put them into the buffer, and the consumers should get |C1]
items from the buffer. In T1 the same producer fills completely the buffer and
a consumer with the same id of the producer empties it (it represents |C2|
invariants in the unfolded net). In T2 any combination of |C1] producers and
|C1| consumers (satisfying the invariant guard g¢') is possible. The expressions

8 Initialization transition init cannot belong to any T-invariant, while additional in-
variants involving ProduceBurst exist, but are not included for the sake of space.
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Transition T1 T2 (Hp: |C1]| =4)
(Domain) Cs C3,Ch [g']
Produce (C2) IC1[{X2) [(X2) + (X3) + (X3) + (X3)
Put (C1,C2) (Scy, X3) S XT, X
Get [g](clv 022) <Scl ) X217 X21> Z?:O('Z X117 X§i+17 X22(i+1)>
End_Process (C2)| |C1[(X3) |(X3)+ (X3) + (XS) + (X5)

p(k) = Ny (\/3:1 X3 e Oy A XY € Czj); g=p(0); ¢ =p(|C1| — 1)
Table 1. Two T-semiflows of the Producers-Consumers SN

allowing to verify that vectors T} correspond to parametric T-semiflows are:
Vp € P,Y cr Clp,t] o Tj[t] = ee(py; the function Tj[t] has domain €(7;) and
codomain C(t), so that the domains of the functions to be composed are coherent.
Observe that T5 represents 625 T-invariants in the unfolded net when |Cy| = 4,
|021| =1 and |022| =2

Let’s check whether the transitions in T1 produce a null change on all places.
Producing: W (Put,Producing) o T'1[Put] - W~ (Produce, Producing) o T'1[Produce] =
(X3)o|C1]{X3)—(X3)o|C1]|(X3) =ec, (theequations for Wait_to_insert, Wait_to_extract
and Processing are very similar).

buffer: W (Put, buffer) o T1[Put] — W~ (Get, buffer) o T1[Get] = (X1, X3) 0 (Sc,, X3) —
<X11:X21>[g] o <SclaX21aX21> = <SC17X21> - <SC17X21> = €C1,C2

full: W (Put, full) o T1[Put] — W~ (Get, full) o T1[Get] = (Sc,) o (X1, X3) — (Sc.)g] o
(X1,X3,X3) =ec, (the equation for empty is very similar)

first: Wt (Get, first) o T'1[Get] — W™ (Get, first) o T1[Get] = (!X1)[g] o (Sc,, X3, X3) —
(X1)[g] o (Scy, X3, X3) = (Scy) — (Sc,) =ec, (the equation for last is very similar)
T2 has color domain Cy, C§ where 8 = 2|C |, completed by guard g’ (see Tablel);
and similar formulae as for T1 apply to it, let us consider the expressions for
just a few places to illustrate the type of composition to be solved.

buffer: W (Put, buffer) o T2[Put] — W™ (Get, buffer) o T2[Get] = (X1, X3) o ((X1, X3)[d']
HIXE X3)[g'] + (X1, X3)[g'] + (P X1, XD)[g'])— (X1, X2)[g] o (X1, X2, X3)[g'] +
(X1, X3, XD + (2X1, X3, X9)lg') + (P X1, XT, X3)g')) = ecs s

Wait_to_insert: W (Produce, Wait_to_insert) o T2[Produce] — W~ (Put, Wait_to_insert) o
T2Put] = (X3)o((X3)+(X3)+(X3)+ (XD)g' |- (X3)o (X1, XD)g/]+ (XL, X3)]g/]+
(X1, X3)[g'] + (° X1, XD)[g']) = ec,

Observe that in all cases where transition Get is involved we have an infix guard
g whose terms check which static sublcass X1 and X2 belong to: it is easily
handled both in T1 (where the involved elements of the right tuple are equal)
and in T2 (where the T-semiflow guard ¢’ implies that g is satisfied).

Finally, note that depending on the actual binding of the T-psemiflow variables
to colors, functions T;[Produce] and 7} [End_Process| map to a Bag™t[C5] that
may have coefficients greater than one. Hence the composition presented in this
paper is required to verify the invariant.

Reduction of transitions. Another application of multiset composition in coloured
PN is structural reduction. For instance, in [11] a symbolic reduction technique
(based on the capability to syntactically solve the composition) is applied to
models used for software verification. To allow for a symbolic treatment, the
authors propose Quasi-well formed Nets, a tight restriction of SNs. Moreover,
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i C C=1{1,2,3} r:C C ={1,2,3} ordered L3 (L1 (1,2) riCxC
a ? r:CxC
; (X) ? , (X', x?) 0.3) T
L <1> b (x4 x?) 2 . 1X
p:C (1) AN23~3) ”’i p:C  (3) ()2 F
Q7 G | .
t (1) T2 1@ t ) @) -¢

s x (IC] = 1)-(S) - >
Lom 5L = Oue 5:@ F 0 é

(a.1) (a2) (a3) (v.1) (b.2) (4.3)
Fig. 3. Agglomeration: .1 Original SN; .2 Unfolded subnet; .3 Reduced folded net.

the syntactical arc function composition requires further restrictions on the shape
of manageable arc functions.

Transitions agglomeration is a useful reduction: it consists of merging causally
connected transitions. The aim is to reduce transition instances interleaving, pre-
serving specific system properties. A number of techniques have been proposed,
with different properties and applicability conditions. Common to most propos-
als is this applicability scenario: a set H of transitions put tokens into a place
p, leading to a new marking of p from which it is possible to restore its initial
state only through the firing of a newly enabled transition t’; in that case, the
firing of any transition in H may immediately cause the firing of ¢, without
interfering with any other transition firing. In this paper, we do not propose a
general agglomeration technique for SN, rather, we illustrate how to perform
agglomeration by symbolically deriving the arc functions for the new transition.
We also provide an intuitive structural condition on SN arc functions, which
ensures the applicability of agglomeration in a limited set of cases.

Figure 3(a.l) shows a simple example where the transitions ¢ and ¢’ can be
agglomerated. Figure 3(a.2) depicts a part of the net unfolding connected to the
instance (1) of ¢. It is possible to see that, if p is initially empty, after the firing of
instance (1) of t, we can safely fire immediately all the newly enabled instances
of ¢’ restoring the p empty state. This is true for any instance (i) of t. Figure
3(a.3) is the reduced colored subnet, where the size of class C' is a parameter.

The reduced subnet can be obtained without unfolding it: indeed, for this
type of agglomeration, the following formula allows to symbolically compute the
arc functions of the reduced subnet?:

W= (tt,r) =W (t,r); WHtt,q) =Wt ,q) oW (t',p)" o WT(t,p)

In WT(tt', q) the rightmost composition provides the instances of ¢’ enabled by
the firing of an instance of ¢, through p. Finally composing W™ (t', q) with this
result (firing ¢’ for all those instances) we obtain a function providing the multiset
of tokens to be added in g. For the example of Fig.3(a) W~ (¢, r (3X ), while:
W (t',q) = (S = X) 0 (X)" o (S) = (S = X) o ($) = (IC] = 1)-(5) L (s)
Figure 3(b.1) shows another example of reduction. The formula for the agglom-
eration can be also used here. The agglomeration is valid for any |C| > 2:

S W (t',p)' : @(p) — Bag|[C(t)] denotes the transpose of W™ (', p); the rules to sym-
bolically compute the transpose of an arc function are defined in [4].
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WHit',q) = (S — X)o (IX) o (X' 4+ X?) = (S — X) o (IT'X) o (X' + X?) =
(S = X)o (ITEX 17X = (S17EXH) 4 (S—171X2) = 2.(8) — (I7EX ) — (171 X?)
For these examples where p is the only input place of ¢’ and is the only output
place of ¢, we can confidently state that if (1) the instances of transition ¢’ are not
in conflict with each other (a situation called auto-conflict, which can be checked
symbolically on the net structure) and (2) if all the tokens put into p by ¢ can
be completely consumed by (one or more instances of) ¢', then we can aggregate
t and t'. To verify the second condition it is sufficient to check the following
equality: WT(t,p) = W= (t',p) o W~ (¥, p)t o WT(t,p). The following property
characterizes the form for the input function W~ (¢, p) which guarantees the
agglomeration conditions(s). Let the identity on D be Idep(d) =1-d, ¥d € D.

Property 16. Let C(p) = W(t,p)(C(t)) be the (support of the) image of W (¢, p).
W (t,p) = W™ (¢, p)oW ™ (',p) oW (t,p) & Ve € C(p) W™ (', p)oW ™ (t',p)'(c) = L.

(i.e. the restriction of W= (¢, p) o W~ (¢',p)! to €(p)’ is the identity).

Observe that with the assumption that p is the unique intermediate place
between ¢ and t’, this property includes also the condition of no autoconflicts
among t’ instances (= W—(t/,p)t o W= (t/, p) — Ide, simplified formula from [5]).

The condition holds for both the examples discussed above, and this can be
checked symbolically exploiting the composition presented in this paper.
Finally, let us consider a third example, fully exploiting the composition tech-
nique presented in this paper. The subnet schema is the same but for ¢/, which
has one more output place, ¢’. The arc functions for this example are:

W (t,r) = (X) WT(t,p)=(S—1X,5,58—-X) Wt q) = (X X*)[X" = X*
W= (t,p) = (IX°, X%, X7)  WH(EH,¢)=2- (X", X)X # XA X" # X7

The arc functions for the agglomerated transition ¢’ are (A = |C| with |C] > 2):
W (1) = (X) WH(tt',q) = (A — 1[X" =1X?|(S, S)
Wt , ¢ ) =20 —1)(S — X, X) +2(A — 2)[X' # X°|(S — X, S — X)

The detailed explanation of the steps leading to the result, involving the ap-
plication of Lemmas 1 to 4, is in Appendix A.3 of [8]. Observe that the result
requires to extend the SN formalism, to allow arc expressions with filters.

6 Conclusions and future work

This paper reaches the goal of completing the symbolic manipulation of SN
arc functions defining a procedure for the composition of functions mapping on
Bags. This enables a number of applications that couldn’t be treated with the
operations defined so far. The implementation of a new version of SNexpression
including this kind of composition is ongoing. The approach suggests an exten-
sion to the SN formalism itself, to allow filters in arc expressions: this feature
is now implemented in the GreatSPN Graphical User Interface. The presented
results are often parametric in color class cardinality, possibly with some con-
straints on cardinality lower bounds.
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Future work is devoted to extend the possible applications of the results pre-
sented in this paper, in particular as concerns a generalization of net reduction
methods proposed in literature to a wider class of nets: for instance, we expect
that our proposal may allow to relax some restriction posed in [11]. Another
interesting topic is the elimination of immediate transitions in Stochastic SNs
(in order to apply analysis algorithms which do not work in presence of im-
mediate transitions): this is a challenging issue since in general it may involve
marking dependent sequences of immediate transition firings triggered by one
timed transition, as in the case of the example in Fig. 1.
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