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Abstract this work we introduce the formal definition of PRES+
(Petri net based Representation for Embedded Systems), a
Design of embedded systems is a complex task that renotation capable of capturing relevant information charac-
quires design cycles founded upon formal notation, so thatteristic to embedded systems.
the synthesis from specification to implementation can be  Synthesis of systems involves translating a specification
carried out systematically. In this paper we present a com- at a certain level of abstraction into an implementation at a
putational model for embedded systems based on Petri netgnore detailed level of granularity. Hence techniques to
called PRES+. It includes an explicit notion of time and al- transform an abstract description into a more refined model
lows a concise formulation of models. Tokens, in our nota- are essential in the synthesis process. Conversely, in order
tion, hold information and transitions—when fired— to facilitate the analysis of complex systems, higher levels
perform transformation of data. Based on this model we de- of abstraction might be achieved through hierarchical com-
fine several notions of equivalence (reachable, behavioral, position preserving the system properties. Therefore, trans-
time, and total), which provide the framework for transfor- formations can either refine a description or abstract it.
mational synthesis of embedded systems. Different repre- Transformational synthesis approaches perform a num-
sentations of an Ethernet network coprocessor are studiedber of (small) transformation steps to the initial specifica-
in order to illustrate the applicability of PRES+ and the def- tion until a certain implementation is achieved. Such a
initions of equivalence on practical systems. stepwise approach to the synthesis of digital systems has
some advantages with respect to the traditional synthesis
approach, for instance it is more efficient when using opti-
mization heuristics in the synthesis process [7]. Another ap-
epealing feature of this kind of synthesis process is the fact

elements and software running on specific platforms. Suchthat diﬁgrent design glternatives might be explored if vgri—
systems are obviously heterogeneous, i.e. are composed dus vahq transformgt]qns or Séquences of transfor_mahons
elements with distinct properties. At the same time, such are ap.plled to the initial specification. Thus a variety of
systems are typically embedded, that is, they are part Ofar_1aly3|s, such as cost, performance, etc., may be accom-
larger systems and interact continuously with their environ- plished. . o .

ment. The inherent heterogeneity of this kind of systems Transformation-based synthesis is also becoming very

makes them very complex and consequently difficult to de- attr_a_ctiv_e since design processes might be Iin!<ed to_ formal
sign. Moreover, the strong demand on high-performanceVe”f'cat'on methods. For the levels of complexity typical to

products has boosted the levels of sophistication of suchmOdem_ ele<_:tron|c_ systems, _trad|t|onal_ Va"da“.of‘ tech-
systems. The ever increasing complexity of embedded Sys_nlques like simulation and testing are neither sufficient nor
tems poses a challenge in the different phases of their desigrY'a_ble to verify the'f correctness: such tech_nlques may cov-
process. er just a small frgctlon of the; system behavior; addlthnal!y,
Design of hardware/software systems is a complex task.bugs four_1d late in prototyping phases have a negative im-
Design cycles should be based on formal models so that theact on t|me—to—r_narket. Formal methods are beC.O'T"”g a
synthesis from specification to implementation can be car- P’ actical alterngtlve to ensure the_correctness o_f.d|g|tal de-
ried out systematically. In order to devise systems that meet>'9NS, overcoming some ofthe I|m|ta_1t|ons of tradmo_nal val-
the performance, cost, and reliability goals, the design pro-'d""tIcm tc_eghnlque_s [3]. Through a rigorous anaIyS|s_, of thg
cess must be founded upon a formal representation that a1System, itis possible to come to a better understanding of its

lows to accomplish the whole design cycle. Modeling is an behavior, uncover inconsistencies or ambiguities, and ob-

. ; - tain new insights.
essential issue of any systematic design methodology. In o . . .
y sY g 9y A transformation is considered valid or not, depending

This research is sponsored by the Swedish National Board for Indu- ON the properties that it preserves. A_Sound tran_sformation
strial and Technical Development (NUTEK) in the frame of the SAVE IS one that changes a representation into an equivalent one.
project.

1. Introduction

Many electronic systems consist of dedicated hardwar




Here the concept of equivalence plays a key role. When we[8] utilize a combination of time Petri nets and predicate/
claim that two systems are equivalent, it is very important to transition nets augmented with object-oriented concepts as
understand the significance of equivalence and point out themodel of computation during the design of embedded sys-
frame in which such an equivalence is encompassed. Thertems; Coloured Petri nets have been also used to model em-
we can say that a particular type of transformation will pre- bedded systems [1].
serve the properties of a system according to the concept of On the other hand, several notions of equivalence have
equivalence in which that transformation is contrived. been addressed in various contexts for different sorts of sys-
Thereupon, clear definitions of equivalence should be statedtems. In the field of digital design there have been many
in order to study transformation-based design processes. proposed approaches using transformations [6]. Specifical-

In this work we define several notions of equivalence ly, many of the concepts of equivalence and transformations
(reachable, behavioral, time, and total) for embedded sys-defined for PNs attempt to overcome the state explosion
tems represented using PRES+. The principal idea behindoroblem, namely Petri nets tend to become complex even
the definitions of equivalence presented here is to provide afor relatively small systems. Murata [16] proposes a set of
formal framework for transformational synthesis of embed- basic transformations—aimed to reduce the complexity of
ded systems. Thus we can show whether one description igraditional Petri nets—that preserve liveness, safeness, and
equivalent to another and then define valid transformationsboundedness. This includes fusion of places, fusion of tran-
in the synthesis process. Establishing distinct levels of sitions, and elimination of self-loops. Similarly, Berthelot
equivalence allows to study several properties of a sys-[2] studies several transformations on PNs, the conditions
tem—especially which of them are preserved—when it is under which those transformations are applicable, and the
represented by different descriptions. preservation of a rich set of properties. Feldierl[9] study

This paper consists of two main parts. In the first one, Time PNs and introduce a set of transformation rules that
Section 3, we formally define the computational model that preserve the correctness of the system in respect to bound-
we use to represent embedded systems, and we use a simpkgl-invariance and bounded-response properties. An appli-
example to illustrate the semantics of PRES+. In the secondcation of transformations of nets to deal with the problem of
part, we define the concepts of equivalence (Section 4) andstate explosion is the study of optimal schedules for com-
study two representations of a network coprocessor to showplex systems [17]. The system, modeled by a Petri net, is re-
how such notions are applicable to practical systems (Sec-duced until at least one optimal solution to the scheduling
tion 5). Finally, Section 6 outlines some conclusions and problem remains.

gives insights for future work. Pomello [20] gives an overview of notions of equiva-
lence for Petri nets of concurrent systems. Several concepts
2. Related Work of equivalence are re-defined to capture and study the con-

currency degree of systems. The ideas considered there are

The frame of reference to study the validity of a given based on equivalence from an external point of view, that is
transformation is the model used to represent the systemio say, system properties are perceived by an observer that
Many computational models have been proposed in the lit-is usually the environment with which the system interacts.
erature to represent digital systems. These models encom- Nakagaweet al. [18] present a method to abstract nets
pass a broad range of styles, characteristics, and applicatiotvased on equivalence of firing sequences of a specific sub-
domains. Particularly in the field of embedded system de- set of transitions. Thus net reduction rules may be obtained
sign, a variety of models has been developed and used foin order to generate an equivalent Petri net from another
system representation [13], [6]. Their features largely differ one, preserving such firing sequences.
even though they all are computational models intended for
heterogeneous embedded systems. 3. Petri Net based Representation

Particularly, Petri nets (PNs) might be aninterestingrep-  for Embedded Systems
resentation for this kind of systems: PNs, for instance, may
fairly represent parallel as well as sequential activities, and Many of the computational models used for hardware/
may easily capture non-deterministic constructions. In em- software systems are based on extensions to finite-state ma-
bedded systems design, Petri nets have been extended iphines, Petri nets, discrete-event systems, data-flow graphs,
various ways to fit their most relevant traits, e.g. notion of the so-called synchronous/reactive models, and communi-
time, and we can find several PN-based models with differ- cating processes, among others. Several different models
ent flavors: Macielet. al [14] introduce an intermediate  coexist in the scenario of HW/SW codesign. However, Petri
model for hardware/software codesign, extending Petri netsnets seem to be particularly appealing: PNs have been wide-
to analyze certain properties used in the partitioning pro- ly used for system modeling in many fields of science; PNs
cess; Stoy [23] presents a modeling technique where timedare a well-understood graphical and mathematical tool;
Petri nets with restricted transition rules are used to repre-powerful formal theories, defining its structure and firing
sent control flow in both hardware and software; Estel. rules, have been developed around this model.



As stated before, many applications in different areas be introduced and defined in detail in what follows.
have successfully used PNs as a representation model. DuBefinition 2. A tokenis a pairk = 0Oy, r00 where
to their intrinsic characteristics and particular extensions of v is thetoken value This value may be of any type, e.g.
the conventional model, PNs might be an interesting nota-boolean, integer, etc., or user-defined type of any complex-
tion for representation of embedded systems. The main ex-ty (for instance a structure, a set, or a record). The type of
tensions—proposed separately in distinct contexts—thatthis value is referred to &sken type
are relevant for embedded systems include the notion of ris thetoken timea non-negative real number representing
time [21], [15], [22], the concept of hierarchy [24], [5], and the time stamp of the token.
the modeling power of high-level PNs [10], [12]. The seK denotes the set of all possible token types for a
given systemm
Definition 3. A markingM : P - {0, 1} is a function that
denotes the absence or presence of tokens in the places of
the net. A PRES+ nédl is safeor 1-boundedthat is, a place
may hold at most one token for a certain marking.
M(p) = 1 whenever the place is marked otherwise
M(p) =0.=
Note that a marking/l implicitly assigns one tokek to

each marked place. We introduce the following notation
which will be useful in defining the dynamic behavior of
PRES+:whenaplacp, ismarkdd, orsimgly denote
the token present ip, . The token value of the token is
denotedv, ow; , and the token time of the token is de-
notedr, orr; . For instance, given the initial markit
in Figure 1, the tokerk, = [B,00 hasavalwg =3 and
atime stamg, = 0 . For the sake of simplicity, in the ex-

Py S Pe amples we use the short notatino denote the token value

. V-

Figure 1. A PRES+ model Definition 4. The type functiont : P -~ K associates a
place with a token type(p) denotes the token type associ-

The notation we use to model embedded systems is . .
PRES+ (Petri net based Representation for Embgdded Sys"fmEd with the placp. The token type is the type of value that

tems). PRES+ is a slightly modified version of the model in- a tokg:n may begr In that plase.

troduced in [4]. Its is a computational model based on Petri It IS worth pointing out thf"‘t. the '.[Ok'.an type related to a

nets that allows to capture important characteristics of em—Certaln place_ isfixed, that s, it IS an intrinsic property Of that

bedded systems. In the following we introduce the formal place and will not change_ d“T'”g the dynamic behavior of
definition of PRES+. Figure 1 shows a simple example usedthe net. For the example in Figure 1, all places have token

. . ; : typeinteger
to illustrate the main features of this representation. Definition 5. The pre-set°t = {pOP|(p ) 01} of a

transitiont is the set ofnput placesof t. Similarly, thepost-
sett® = {pOP|(t, p) 0O} of atransitiont is the set of

3.1. Basic Definitions

Definition 1. A PRES+model is a five-tupleN = (P, T, output place®ft. = .
1,0, M) where In our example we have, for instancdg = { p,} and
P ={py, Py ..., Py} is afinite non-empty set places t3° = {pc}-

T = {1, t, ..., t,} isafinite non-empty set dfansitions . , ,

| OP x T is a finite non-empty set dhput arcswhich de-  3-2- Description of Functionality
fine the flow relation between places and transitions; _— . -
OO Tx P is a finite non-empty set adutput arcswhich Definition 6. All output places of a given transition have the
define the flow relation between transitions and places; same token t)_/fpe, Je O _

Mg is the initialmarkingof the net (see Definition 33. . Tpa u(p) = 1(a)

Defined in this wayN is anordinary Petri net which _— - . .
means that there exiit no multiple gcs. Like in classical Def|n_|t|on 7. For.every transition, there exists #&ransition
Petri nets, places are graphically represented by Circles’funcg?anTasSc;c!ated thFormaﬂy, "
transitions by boxes, and arcs by arrows. For the example in here°t = - T(Py) * T(P2) D toT(Pa) - (a)

Figure 1,P = { p,, Pp Po Pa Pe} @ndT = {ty, 1, ta, ty, where®t = {py, Py, ..., Pa} andy " -
tg te o tg) - Transition functions are very important when describing

Properties, characteristics, and behavior of PRES+ will the behavior of the system to be represented. They allow



systems to be modeled at different levels of granularity with  Note that, for the initial markingt, is not enabled even
transitions representing simple arithmetic operations orthough its only input place is marked and its output place is
complex algorithms. In Figure 1 we inscribe transition func- not. This is becausé, = 0 3 0 ).

tions inside transition boxes: the transition functions associ- Definition 12. Every enabled transitionhas anenabling
ated totg; andyg , for example, are given lhy(d) = —d time etthat represents the time instant at which the transi-
and fg(e) = e+ 2 respectively. We use inscriptions on the tion becomes enabled. The enabling tigt®f a (enabled)
input arcs of a transition in order to denote the arguments oftransition is the maximum token time of the tokens in its in-

its transition function and/or its guard. put places,
Definition 8. For every transition, there exist aninimum et=maxu,ry ...,r,)
transition delayd” and amaximum transition delayd+, where the pre-set ofis °t = {py, Py, ..., Pa} - =

which are non-negative real numbers and represent, respec- Note that this enabling time varies during the execution
tively, the lower and upper limits for the execution time (de- of the net and, if the transition is not enabled, it does not
lay) of the function associated to the transition. Formally, make sense.

OtOT Od,d" 00 such thad <d” Definition 13. The earliest trigger timett” and thelatest
with Dg being the set of non-negative real numbers. trigger timett” of an enabled transition are the lower and
We inscribe transition delays 4d,d"] close to the re- upper time bounds for the firing of the transition,
spective transition. Thus the minimum transition dethy tt =et+d
of t, is 1, and its maximum transition delalj  is 1.7 time tt" = et+d
units. Note that whed =d*=d we just inscribe the value, An enabled transition may not fire before its earliest
like in the case of the transition deldy = 3.5 . trigger time tt” and must fire before or at its latest trigger

Definition 9. Theguard Gof a transitiort is the (necessary) time tt* , unless becomes disabled by the firing of another

condition that must be satisfied in order to enable that tran- transition.s

sition, when all its input places hold tokens. The guard Assuming for instance thaf  fires at 1 time units, the to-
G:t(py) XT(py) * ... x1(p,) - {0, 1} ken in p, is removed and accordingly a new token

of a transitiort is a function of the token values in the places k, = [B, 10is deposited inp,, . Thus the enabling time for

of its pre-set’t = {p;, pa ..., Po} - If the condition holds  both t; andt, becomes 1 time units. In consequengce

G =1, otherwisé&s = 0. = may not fire before 4 time units and must fire before or at 5
For instance, in the example of Figure 4<0 repre- time units, unless it becomes disabled by the firing, of
sents the guar®, . Definition 14. Thefiring of an enabled transition changes a
Definition 10. Every transition has dunctionality The markingM into a new markindM*. As a result of firing the
functionality of a transition is defined in terms of: transitiont, with pre-set’t = { py, p,, ..., Py} , the follow-
(i) Its transition functionf ; ing events occur:
(i) Its minimumandmaximum transition delays” and d*. (i) Tokens from its pre-set (which are not in its post-set) are
. removed,;
Intuitively, this functionality describes the “behavior” of Op O (°t—t°) M+(p) =0
the transition when it fires. Unlike the classical Petri net (ii) One token is added to each place of its post-set;
model, each token holds a value and a time stamp. When a Og0Ot° M+(q) =1

transitiont is fired, the markindvl will generally change by  (iii) Each new token deposited it® has a token value,
removing all the tokens from the pre-sdt  and depositing which is calculated by evaluating the transition function
one token into each element of the post-8et . These to-with the token values of tokens th  as arguments;

kens, added t¢° , have values and time stamps that depend Og Ot v, = f(vy, vy, .. V)

on the previous tokens ftt  and the functionality. of (iv) Each new token added t8  has a token time that is the
time instant at which the transitiofires; .

3.3. Dynamic Behavior Og; Ot° r; = tt* wherett* O[tt,tt]
n

Definition 11. A transitiont is said to beenabledf all plac- The execution time of the function of a transition is con-

es of its pre-set are marked, its output places different fromsidered in the time stamp of the new tokens. Note that, when
the mput_one%are empty, and its guard is asserted. Formal- a transition fires, all the tokens in its output places get the
ly, for a given markingM, a transitiont is enableff (ifand ~ same token value and token time. The token time of a token

only if) represents the time at which it was “created”. The system
() OpO°t M(p) = 1 time (the global time), in a markinig, is given by the max-

(i) OgU (t°—°t) M(q) = O imum token time of all tokens in the net.

(i) G =1 When used to model embedded systems, the representa-
= tion introduced above has several interesting features to be

highlighted, some of them inherited from the classical Petri
T A place may be, at the same time, input and output of a transition.



net model: someplaces with no transition as output.

e Non-determinism may be naturally represented by Definition 16. Thereachability set R(N®f a netN is the set
PRES+. Non-determinism can be used as a powerfulof all markings reachable from,. =
mechanism to express succinctly the behavior of certainDefinition 17. A netN, is reachable-equivalerdr R-equiv-
systems and then reduce the complexity of the model. alentto another nel, iff

+ Parallel or concurrent activities may be easily expressed(i) There exist bijections f,,:inP; - inP, and
in terms of Petri nets. We recall that concurrency is f,, : outP;, - outP, that define one-to-one correspon-
present in most embedded systems. dences between in(out)-portsiof andNy;

» Since tokens carry information in our model, PRES+ (ii) For the initial marking, in bottN; andN,, all in-ports
overcomes the lack of expressiveness of classical Petriare marked and all out-ports are empty

nets, where tokens are considered as “black dots”. OpOinP; My o(p) =1

» Time is a critical factor in many embedded applications. OgOoutP, M;o(q) =0
Our model captures timing aspects by associating lower OppOinP, M, o(pp) =1
and upper limits to the duration of activities related to OgqO outP, M, o(qq) = 0
transitions and keeping time information in token whereM; , andV, , are the initial markings Nf andN,
stamps. respectively;

* PRES+ has been also extended by introducing the con-(iii) For all M’; O R(N;) such that
cept of hierarchy. However, we will not further discuss OpOinP; M'y(p) =0
this particular feature in this paper. Oa O (P,—inP;—outP;) M';(a) = My o(a)
Summarizing, PRES+ is a model to be used in the designthere existaM’, 0 R(N,) such that

cycle of embedded systems. Our representation is an exten- OppOinkP, M',(pp) = 0

sion to the classical PN model that overcomes some of the Ob O (Py=inP,—outP,) M',(b) = M, o(b)

drawbacks of Petri nets when modeling embedded systems:[qq O outR, M',(qq) = M';(q) whereqq = f,,(q)
it captures explicitly timing information; PRES+ allows and vice versa.

representations at different levels of granularity; our model »

is more expressive since tokens might carry information.

Furthermore, the model is simple, intuitive, and can be eas- a b

ily handled by the designer.

4. Equivalence in Embedded Systems

In what follows we define the four notions of equiva- c d
lence mentioned in Section 1. These ideas are built upon the
model presented in Section 3. The underlying motivation of
the following definitions is to set a formal framework to L1 L1 L1
compare PRES+ representations, and thus establish the va- CB CB CB

e f o]

lidity of transformations in the synthesis process of embed-
ded systems. The study of an Ethernet coprocessor (Section
5) will further illustrate these concepts of equivalence.
Definition 15. A placep is said to be am-port if
OtOT (t, pOO 2 b
that is, there is no transitionfor which p is output place.
The set of in-ports is noted asP. Similarly, a placep is
said to be anout-portif *x
OtoOT (p t0Ol
thatis, there is no transitidrior whichpis input placeoutP
denotes the set of out-poris. e ff 9
Note: In some cases, the designer could be only interested ()
in some part of the net. In that case it is possible to re-define
the concepts oin-port andout-portin such a manner that
the following notions of equivalence apply only to that part
of the system which concerns the designer. Thus, according
to his needs, the designer can re-defirieas a subset com-
posed osome(instead ofall) places that have no transition
as input. SimilarlyoutP could be re-defined as the subset o

Figure 2. R-equivalent nets

When two nets are R-equivalent, we use the notation
N, =RN2 . The concept of R-equivalence will be illustrated

with reference to the example shown in Figure 2. Let us
f consider the net; andN, in Figures 2(a) and 2(b) respec-

tively. According to Definition 15P; = {a,b,c d ¢ f



g}, inP, = {&a b}, outP, = {e f, g, P, = {aa bh

xx, ee ff g¢, inP, = {aa bl}, and outP, = {eeg
ff,gg} . One-to-one correspondences between in(out)-
ports are defined byaa= f,(a) ,bb= f,(b)
ee= f,(€), ff = f,,(f), andgg = f,,(g) . Using
the notation M = (M(p;) M(p,) ... M(p,)) to ex-
press the marking of a net, we can write the initial markings
asM; o=(1100000) andil; o=(111000), which fulfill

the condition (ii) in Definition 17. A simple analysis of
reachability shows that there exist two markings in the
reachability seR(N,) satisfying the first part of condition
(i) in Definition 17 (in-ports are not marked and other
places, different from in-ports and out-ports, have the same
marking asM; o), namelyM’; =(0000 1 0 1) and” 1

(00 00010). For each one of these markings, there exists

a marking inR(N,) that fulfills the second part of condition
(iii) given in Definition 17,M’,=(001 10 1) andM” 5, =
(00101 0) respectively. In a similar way, for each one of
the markingsv’; andM” , above, there exists a marking in
R(N,) satisfying the second part of Definition 17(iii). Hence
N; andN, are R-equivalent.

Figure 3. R-equivalent nets with different “behavior”

Before defining the concepts bkhavioral-equivalence
andtime-equivalencewe will study the simple net, and
N, shown in Figures 3(a) and 3(b) respectively. Having
P, = {ps Py} and P, = {p, Py} , the initial markings
areM; o=(10) andM, o= (1 0). Itis straightforward to note
thatM’; = (0 1) andM’, = (0 1) fulfill the conditions estab-
lished in Definition 17 and thereforsl, =X N, . However,
note thatN; has different “behaviors”. Assuming, for both
nets in the initial marking, that the token imp, is
k, = [ 00, itis clear that the very same markiig, = (0
1) may associate different tokens to the plage  : when
fires the token inp, will bek, = [& ry0 withry 0[1,3
but whent, fires the tokenip, will b&, = [a’+1, Mol
with r, [1[2,3) . The reason of this behavior is the non-de-
terminism ofN;. On the other hand, fa¥, the markingM’,
= (0 1) associates tq, the tokek, = &, r,0  with
r,0[2353.

As shown in the example of Figure 3(a), a certain mark-
ing M’ (see condition (iii) in Definition 17) might associate
different tokens to the same place. In other words, a mark-

ing denotes absence or presence of tokens in a certain plac

but says nothing about token value/time when the place is

marked. Note, for instance, that for the hgtin Figure 3(a)
the set of all possible tokens in the out-pgiy , for the
markingM’; = (0 1), is given by{ [&, rpgry O [1,3]} O
{@%+1,r,Or, 0[23} .

We denote withoutP’; andoutP’, the subsets, adutP;
and outP, respectively, in which out-ports are marked in
M’ 1 andM’, (condition (iii) in Definition 17),

outP; = {qO outPl\M'l(q) =1}
outP, = {qqU outR|M';(qq) = 1}

The concepts obutP’; andoutP’; are needed in the fol-

lowing definitions.
Definition 18. Two nets,N; andN,, arebehavioral-equiv-
alentor B-equivalent iff
() The nets are R-equivalent;
N, ="N,
(ii) For the initial marking stated in Definition 17(ii),
OppOinP, vy, = v, wherepp = f,(p)
(iii) For those markings that fulfill the condition (iii) in Def-
inition 17, it holds that for alk, such that
g outP,
there existk,, such that
gqqU outP,

= vq whereqq = f,,,(q)

_ Vqq
and vice versa.
u

The expressiolN; =° N, denotes that the two nets are
B-equivalent.
Definition 19. Two netsN; andN,, aretime-equivalenbr
T-equivalent iff
(i) The nets are R-equivalent;
N; =°N,
(i) For the initial marking stated in Definition 17(ii),

OppOinP, r,, =r, wherepp = f;,(p)

(iif) For those markings that fulfill the condition (iii) in Def-
inition 17, it holds that for alk, such that

gU outP,
there existk,, such that

gqqU outP,

rqy whereqq = f,,,(q)

Faq
and vice versa.

Two T-equivalent nets are noted lds =T N,
Definition 20. Two netsN; andN,, aretotal-equivalenor
§-equivalent iff
(i) The nets are B-equivalegt;

N, =" N,
(i) The nets are T-equivalent;
T
N, =" N,

u
We denote this strong equivalencel\iais:§ N,

Figure 4 shows the relation between the different con-
cepts of equivalence introduced above. The graph captures
the dependence between the notions of equivalence. Thus,
for instance, R-equivalence is necessary for T-equivalence



and also for B-equivalence. Similarly, §-equivalence im- Kpata senp = [Hata_send OO, where data_sendhas a
plies all other equivalences. §-equivalence is the strongestvalid type corresponding to the token type of that place.
notion of equivalence defined in this work. However, ob-

serve that the stronger the equivalence, the more difficultto  jveces T

validate a transformation based on such an equivalence.
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Figure 4. Relation between notions of equivalence
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5. The Example: An Ethernet
Network Coprocessor

Figure 5. PRES+ model of an ethernet

. . . network coprocessor
In order to illustrate the concepts of equivalence defined P

above, let us analyze a high-level representation of an

; . Now suppose that, in order to explore the design space,
Eth_ernet networl_< COprocessor. We have chosen_thls a.pp“'we want to study another possible implementation of the
cation because it has been discussed several times in th

. Bthernet coprocessor as a heterogeneous hardware/software
context of hardware/software codesign [11], [19]. The_ Sys- system. Having different functional blocks in our system,

Nwe can analyze several alternatives. Figure 6 shows a possi-
ble partition of the system on two processing engines. Con-
sider thatP1 represents a programmable processorRhd

functions in an Ethernet link, off-loading the host computer
from these activities. Briefly, the CPU sends instructions to
the coprocessor. Based on these, if a frame of data must bg. ' - 400 component. The new plaBésandP2are in-

trans.mltted, the Ethernet coprocessor loads the data from Foduced in the Petri net of Figure 6 to indicate the alloca-
location of memory, specified by the CPU, and sends thetion of resources in the system and the way that functional

:;acrgi?/ g\ézrt;hffonn?mrﬁé&;ﬁcﬁrgﬁfgirtﬂ%hfoizvnn?;ﬁg units are mapped onto different processors (programmable
and hardware). In order to consider the cost of inter-proces-

ry, unless the CPU. deactivates this function. In F_igure 5 we sor communication, a new transitisommhas been added
give a representation of this system formulateo_l n PR.ES+’to the model. In thi’s way, we consider the communication
which consists of th_ree functional bloqkexecutlon_ unit time, estimated between ’2 and 3 time units, assigning such
transmltunltandrecc_al_ve uni). Each funct|ona| block s rep- Iimité as minimum and maximum transitio'n delays. The
resented by a transition. The model includes places throug'}ransition commjust “transmits” toreceive unitthe data

\tﬁzlﬂgﬁecsgstetrﬁénEtter:ZrC;:\?Lhkltsaﬁg\grgglergzrlg(;[?IS case coming fromexecution unitThe placeB represents the only
We considér as afirst altelrna’tive a possible impleyrﬁenta-SyStem bus. Since the blocks to be mapped onto software
tion of such a system completely in hardware. The execu-(e.Xecuuon umandtransmn uniy d!ffer n |mplt_ament§1t|on
’ with respect to the previous design alternative (Figure 5),

ggtr;n:g?eeds ;rfd?ﬁgrgju?gteiogfomg cjugrcatllt?onr?slz cl;?:tts)ecaasréi brtlae(ﬁq eir execution times have been changed in the model to
' S perat L SI9N€E ke into account the characteristics of this design. Howev-
as lower and upper limits to the respective transitions in the

; i er, transition functions are the same for corresponding
PRES+ model. For the sake of clarity, Figure 5 does not blocks in Figures 5 and 6.

ample, there exists a transition function cor.res on'din to ple, they serve our purposes of illustrating the concepts of
Pie, P 9 equivalence as defined above. Itis clear that Figure 6 is are-

Eéﬁgu.tlflonlgggsl\legr_}%da': dt?:r(r)nl_SL?;lth tS\l;eena\s/zluniz ?;;(t)_ finement of the representation given in Figure 5: it is a typ-
In p u ical step in transformational synthesis.

each transition has its functionality completely defined. Fi- In order to prove the R-equivalence of the nets in Figures

gure 5 shows neither token values nor token times for the5 and 6, we have to check the requirements stated in Defini-

Lﬂgl?:\i?;rrﬁ:ggkix\éeaarisounlggrtrnzisttggélénfhset?g?(zi ?r: i?]l;e;‘;g; tion 17: both nets have four in-ports and two out-ports and,
DATA_SEND for the initial marking is given by then, it is possible to define bijectiorfy, arig,,  repre-



senting one-to-one relations between these places; in bothatically.

nets, for the initial marking, in-ports are marked and out-  We have presented PRES+, a Petri net based representa-
ports are not; a reachability analysis—simple for this level tion for embedded systems. It captures important features of
of abstraction but, in general, complex for more detailed this kind of systems: time related information, concurrency,
systems—shows that both nets have reachable markings imnd sequential behavior as well. The model also allows rep-
which all out-ports are marked, in-ports are empty, and oth- resentations at different levels of granularity. In PRES+ to-
er places have the very same marking they had in the initialkens might carry information which makes the model more
state (Definition 17). Consequently the nets are R-equiva-expressive in comparison to classical Petri nets. Further-
lent. more, the model is simple, intuitive, and can be easily han-
dled by the designer.

We introduced several notions of equivalence for em-
bedded systems represented in PRES+. Thus we provided a
formal framework to study embedded systems using
PRES+ models. In transformational synthesis approaches
unambiguous concepts of equivalence are necessary be-
cause they permit to define the validity of transformations
(abstractions/refinements). Establishing different levels of

DATA_SEND

TRS CMD
P1

(@)couision equivalence allows to study several properties of a system.
The study of different representations of an Ethernet net-
(@)Fame work coprocessor has illustrated the applicability of the pro-

posed computational model and the notions of equivalence
defined above on the transformation-based synthesis of a
practical embedded system.

DATA_RECEIVE
Figure 6. Refinement of the Ethernet coprocessor
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