⋆

{ }

L TL

⋆

. . .

. . .

Abstract.

1 In tro duction

r e ac-

tive systems

                              reggio disi.unige.it

http://www.disi.unige.it

A Graphic Notation for F ormal Sp ecifications

of Dynamic Systems

Dipartime nto di Informatica e Scienze dell’Informazio ne

Universit` a di Genov a, Italy

Viale Do decaneso, 35 – Genov a 16146, Italy

@

Given an already fully develop ed formal sp ecificatio n metho d

for reactive systems, we also develop an alternative graphic notation for

its sp ecificati ons to improve writing and understandin g of such sp ecifi-

cations and, hop efull y

, the acceptance of the metho d by industrial users.

This work has b een partiall y supp orted by the pro ject 40%: “Progetto di una work-

station multimedi al e ad architettura paralle la” .

Gianna Reggio – Mauro Larosa

A go o d sp ecification formalism, where “go o d” means technically well founded,

expressive, adequate for some phase of the development pro cess, , is not

enough for having a formal sp ecification metho d apt to b e used for real applica-

tions by non-academic p eople (see e.g. [5] for a discussion on “formalism” and

“metho d”). In our opinion, the formalism must b e equipp ed with:

1. guidelines on how to pro ceed to use the formalism; for answering the question

“How can I pro duce a sp ecification ?”

2. friendly presentations of the formal sp ecifications; for answering the question

“Can I, and the other interested p eople (clients, implementors, ) easily

read and understand the formal sp ecifications?”

3. supp orting software to ols.

Our group at the University of Genov a in the last years has develop ed a

logic (algebraic) formalism, , for the sp ecification of (concurrent) reactive

systems at different levels of abstraction (see e.g. [4, 8]). In this pap er by

we denote systems that are able to mo dify their own state along

time interacting with the external (w.r.t. them) world; the concurrent ones are

those whose activity is determined by the activity of other (p ossibly concurrent)

reactive systems. Distributed/concurrent/parallel programs, emb edded systems,

information systems are examples of concurrent reactive systems.

W e have also equipp ed such formalism with several “(also non-software)

to ols” to help answering the ab ove questions. Among them:

–

–

–

–

–

–

–

– views

plac e holder a textual language, MET

AL ([12]) for writing the sp ecifications with a suf-

ficiently friendly syntax (e.g. where no esoteric symb ols are used, but only

catchy keywords);

techniques for structuring the sp ecifications of complex systems;

guidelines for pro ducing the sp ecifications;

a way for writing the formal sp ecifications with asso ciated strictly corre-

sp onding informal sp ecifications (just natural language text), see [2];

a software to ol for the rapid prototyping of the sp ecified systems, see [1].

The ab ove “to ols” answer to p oint 1, partly to 3 (no to ols to supp ort verification)

and to 2 by the asso ciated informal natural language sp ecifications.

The resulting sp ecification metho d has b een success fully applied to several

case studies (e.g. [3]), also in pro jects in co op eration with some industry ([15,

16]). F or a detailed comparison with other formal metho ds, see [4].

However, it is not enough to have a formal sp ecification metho d to b e really

used and which can b e comp etitive w.r.t. the commonly used and accepted

informal metho ds (as [6, 7]). A relev ant deficiency is the lack of a form of graphic

notation. The role of graphic is also shown by the success of some formal metho ds

equipp ed with them (e.g. Petri nets, SDL [10] and State Charts [9]).

F or these reasons, we have tried to give a graphic counterpart to the formal

sp ecifications develop ed following the guidelines of our metho d and written using

the sp ecification language MET AL.

Any sensible graphic notation has big adv antages: readability

, understand-

ability

, compactness (the corresp onding textual counterpart is usually much

longer); but it may have also some disadv antages: drawings larger than one

page or resembling a maze are not b etter than text. T o avoid the drawbacks of

graphic we need ways to split the drawings in sensible pieces and to give them an

appropriate lay-out. In our case, the guidelines for writing textual sp ecifications

can b e extended to help pro ducing go o d drawings, and since the sp ecifications

are already structured , we have a natural way to split the drawings. F or what

concerns this p oint, we have used also some techniques inspired by other graphic

metho ds:

the drawing asso ciated with a sp ecification consists of several overlapping

transparent layers ( ) determined by the activities required by the orig-

inal guidelines; and so they are extremely natural and supp ort the applica-

tion of the guidelines to the development of the sp ecifications. Dep ending on

the complexity we can put in one drawing one or more views. This technique

has b een inspired by OOA-OOD [6, 7].

each part of a sp ecification is characterized by an icon, and such icon together

the part name ( ) can b e used to refer to it inside a drawing, while

its full drawing is given apart (as it is done in SDL).

for the parts that usually are to o large, we have develop ed sp ecial ways to

split them into page-long pieces, see [17].

Notice that our prop osal differs from other approaches having the same aims

and present in the literature, which have b een designed by putting together an l

′

′

0 0

L TL

L TL

L TL

L TL

→

→ ⊆ × ×

∈→

− →

→

∈

, ,

s, l , s

s s

, ,

s s

2 The F ormalism: Lab elled T ransition Logic ( ) design phases

simple c oncurr ent

The c alculator c onsists of a for inputting digits and c ommands, a

for showing the pr esse d keys and the r esults, an that e cho es on the

display the keys pr esse d on the keyb o ar d and a , which r e ads the

digits and the c ommands fr om the keyb o ar d, p erforms the appr opriate c alcula-

tions and writes the r esults on the display. A user inter acts with the c alculator

by pr essing the keys on the keyb o ar d and by r e ading the display.

lab el le d tr ansition system lts S L S

L states lab els S L S

tr ansition r elation tr ansition

L TS S L

S existing informal graphic metho d with a formal notation (see e.g. [14]); here the

graphic part is not given by an existing metho d but it has b een derived from

the formal sp ecifications.

In our opinion this attempt seems to b e promising. It has worked also for us,

strikingly making easier to pro duce go o d sp ecifications and reducing their size.

W e still have a fundamental task to do: develop software to ols for interactively

pro ducing the drawings (which cannot b e sensibly made by hand), browsing and

converting them into the corresp onding textual versions (needed e.g. to use the

already existing to ols) and vice versa.

Our formalism, , allows to write sp ecifications adequate for the different

phases of the development pro cess, from the initial requirements till to the de-

tailed design of the develop ed system. Here, for lack of ro om we consider only

the sp ecifications for what we call , i.e. when the structure and the

activity of the develop ed system are fully determined. Notice that “fully deter-

mined” must b e intended at the abstraction level supp orted by the formalism,

and not at the level of co ding in some programming language.

The pap er is organized as follows. The formalism is shortly intro duced

in Sect. 2. Then, we present the guidelines for writing a sp ecification of a system,

briefly rep orting the textual version and the corresp onding graphic one. Reactive

systems may b e classified as and , where the latter are those

whose activity is determined by the activity of more than one comp onents, which

are in turn reactive systems; as the guidelines are different for simple and con-

current systems we consider the first and the latter resp ectively in Sect. 4 and

in Sect. 3. A complete presentation of the metho d is in [17]. Finally

, in Sect. 5

we try to draw some conclusions and p oint to what should b e the next tasks to

get a metho d that may have chances to b e really used.

In the pap er, we will use, as running toy example, the sp ecification of a very

simple p o cket calculator, describ ed as follows; for more interesting examples see,

e.g., [16, 15].

keyb oard

display echo

computing unit

T o mo del reactive systems uses lab elled transition systems (see [11]).

A (shortly ) is a triple ( ), where and

are two sets, the and the of the system, and is

the . A triple ( ) is said a and is usually

written .

A reactive system R is thus mo delled by an lts = ( ) and an initial

state ; the states reachable from represe nt the intermediate (interesting)

′

–

–

L

=1 +1

1 1

′

′

′′

′ ′′

′ ′ state lab el l

t

i ,...,n i n i

n n

− →

→

→

→

⊆

∈ ∈ −

− → ∈

− → − →

− →

∧ ⊃

∈ s s s

s l

l

, ,

LT Σ Σ ,

Σ , ,

l

l

LT Σ LT Σ Σ

l t t

t, t , t

LT Σ , LT Σ Σ ,

Σ

α α i , . . . , n α

t t t , . . . , t t t t . . . t c ap ability

action c ap abilities

state lab el

state lab el state

state lab el

L T-structur es

L T-signatur e DS

S OP PR

DS S DS dynamic sorts

ds DS ds S DS

ds ds ds ds

PR ds

L T-structur e

ds ds ds

L T-sp e cific ation AX DS

AX

atom

Pr

Pr PR situations of the life of R and the arcs b etween them the p ossibilities of R of

passing from a state to another one. It is imp ortant to note that here an arc (a

transition) has the following meaning: R in the state has the

of passing into the state by p erforming a transition, where lab el represents

the interaction with the external (to R) world during such move; thus contains

information on the conditions on the external world for the capability to b ecome

effective, and on the transformation of such world induced by the execution of

the action; so transitions corresp ond to .

Concurrent systems, i.e. having co op erating comp onents that are in turn

other reactive systems, can b e mo delled through particular lts’s obtained by

comp osing other lts’s describing such comp onents.

An lts can b e represented by a first-order structure L on a signature with at

least two sorts, and , whose elements corresp ond to the states and the

lab els of the system resp ectively

, and a predicate : represent-

ing the transition relation. The triple (L L ), whose comp onents are

resp ec tively the interpretation of , and of , is the corresp onding lts.

Obviously we can have lts’s whose states are built by states of other lts’s (for

mo delling concurrent systems); in such a case we use first-order structures with

different sorts corresp onding to states and lab els and with different predicates

corresp onding to transition relations. In a formal mo del for reactive systems we

need to consider data to o (e.g. the data used by a pro cess) ; to handle these cases,

we consider structures p ossibly having also sorts that just corresp ond to data

and neither to states nor lab els of lts’s.

The first-order structures corresp onding to lts’s are called and

are formally defined as follows.

An is a pair ( ), where:

* = ( ) is a (first-order) signature,

* (the elements in are the , i.e. the sorts corre-

sp onding to states of lts’s),

* for all there exist a sort (lab els of the transitions

of the dynamic elements of sort ) and a predicate :

(transition relation of the dynamic elements of sort ).

An on (shortly -structur e) is a -struct ure.

In this pap er, for some of the op eration and predicate symb ols, we use a mix-

fix notation; for instance, : means that we shall write

instead of ( ); i.e. terms of appropriate sorts replace underscores .

An is a pair SP = ( ), where = ( ) is

an L

T-signature and a set of p ositive conditional formulae on (i.e. of the

form , where for = 1 + 1, is an , i.e. a

formula having form either = or ( ); , , , , are terms and

).

Notice, that since transitions are describ ed by predicate symb ols the axioms

of an L

T-sp ecification allow us also to express prop erties on the activity of the

systems.

Σ

Σ

Σ

AX

AX

≡

≡

{ | | ∈ }

SP

SP

SP

SP

/

Σ

F , F

LT Σ LT Σ

3.1 Basic data structures

3 Sp ecifying Simple Systems

AX

AX

The c omputing unit exe cutes the various c ommands as fol lows. When the

c omputing unit is on, it has always stor e d a p artial curr ent r esult and the c om-

mand to apply next. The c omputing unit may r e ad and r eset the keyb o ar d any-

time a c ommand is pr esse d; then it pr o c e e ds as fol lows: – by p arsing the keyb o ar d

c ontent it gets the se c ond op er and and the next c ommand to apply; – then it eval-

uates the old stor e d c ommand on the p artial r esult and on the new list of digits,

obtaining a new p artial r esult; – afterwar ds it sends such r esult to the display

while simultane ously it also r e activates the e cho, r eturning then to wait for the

pr essing of a c ommand. If the se c ond op er and is the empty list, then the evalua-

tion r eturns the first op er and, i.e. the old p artial r esult; if b oth the op er ands ar e

not empty and the c ommand is the e qual, then the evaluation r eturns the se c ond

op er and, otherwise it applies the c ommand to the two numb ers r epr esente d by

the two lists.

SP determines one (up to isomorphism) L

T-structure, precisely I = T ,

where T is the -structure of the ground terms and is the congruence on

T generated by , which can b e characterized by a Birkhoff-like deductive

system.

I is called the initial mo del of SP, since it is initial in L L = ,

i.e. in the class of the mo dels of SP.

It is imp ortant to note that in I : – each element is the interpretation of

a ground term, i.e. it can b e represe nted by a ground term; – two terms are

identified iff their equality is consequence of the axioms (can b e proved by the

deductive system); – a predicate applied to some elements is true iff the truth

of the corresp onding ground atom is consequence of the axioms (can b e proved

by the deductive system). As a consequence, since the transitions corresp ond to

the truth of the transition predicates, we have that the transitions in I are

just those whose corresp onding atoms are consequence s of the axioms (can b e

proved by the deductive system).

In our metho d sp ecifying a simple system means to abstractly determine an

-structure , where has one dynamic sort (i.e. an lts plus some data

structures), by an L

T-sp ecification. This means to determine which are the

states, the lab els, the transitions of the lts, p ossibly some auxiliary data struc-

tures, needed to define such states/lab els, and to abstractly sp ecify them. Thus,

we decomp ose the activity of sp ecifying a simple system in four phases, presente d

in the next subsections; each phase pro duces a different view of the graphic sp ec-

ification; by overlaying all the views we get the complete graphic presentation.

In this section, as a current example of simple system we consider the com-

puting unit comp onent of the calculator.

In this phase we determine and sp ecify the data structures used by the system.

F or example, the basic data structures of the computing unit are naturals, lists

enum digit: 0  1  ...  9  end

DIGIT enum command: + * =  end

COMMAND

sort  nat
cn  0: nat
op  S: nat  -> nat

op  _+_: nat nat -> nat
var n m: nat
ax  0 + m = m
ax  S(n) + m = S(n + m)

NAT sort  key
op  Key: digit  -> key
op  Key: command  -> key

KEY

DIGIT COMMAND

DIGIT

NAT KEY DIGIT LIST KEY LIST

DIGIT

COMMAND

DIGIT KEY

COMPUTING UNIT

                                  Off

 Waiting(digit-list,command)

Parsing(digit-list,command,key-list)   Evaluating(digit-list,command,)
                                      (            digit-list,command)

                                            Writing(digit-list,command)

DIGIT

NAT KEY DIGIT LIST KEY LIST

DIGIT

COMMAND

DIGIT KEY

TURNED_OFF

TURNED_ON

INT

READ(key-list) & RESET_KB

WRITE(digit-list) & REACT_ECHO

DIGIT

NAT KEY DIGIT LIST KEY LIST

DIGIT

COMMAND

DIGIT KEY

COMPUTING UNIT

S_Kind(t1,...,tn){cond S_Kind’(t1’,...,tm’)

                            I_Kind(t"1,...,t"k)

                                                     Parsing(ld,c,Key(c’)^lk)

                                                       Parsing(ld,c,lk)

                                                     Evaluating(ld,c,Parse(lk),c’)

                                                     Evaluating(ld,c,ld’,c’)

                                               WRITE(ld) &
                                               REACT_ECHO

                                    Writing(0,+)

                                    Writing(Eval(ld,c,ld’),c’)

                                    Writing(ld,c)

Off

                                       Waiting(ld,c)

               TURNED_ON

TURNED_OFF

TURNED_OFF

TURNED_OFF

TURNED_OFF

INT

                                           INT

Waiting(ld,c) { lk=Key(c’)^lk’

READ(lk) &
RESET_KB

ECHO

KEYBOARD

COMP UNIT

DIGIT LIST

DIGIT

KEY LIST

KEY DIGIT

DIGIT

COMMAND KEY

DISPLAY

CALCULATOR

A1

p1’

. . .

P1 p1:

. . .

. . .

. . .

pg’

 pm’

Ak lab1

labk

     cond(lab,                )
          lab1,...,labk,
    (     p1,...,,ph )

                    lab

Pg pg:

Ph ph:

Pm pm:

ECHO

TURNED_OFF

Kb(Empty)

TURNED_OFF

    TURNED_ON

TURNED_ON

Display(Empty)

KEYBOARD kb:

DISPLAY

    ds:

TURNED_OFF

 TURNED_ON

COMP UNIT

ECHO

COMPUNIT

TURNED_OFF

DISACTIVATED

                            READ(Content(kb)) & RESET_KB

                                                 WRITE(ld) &
                                                 REACT_ECHO

PRESS(k)

ECHO(d)

DISPLAY ds:

KEYBOARD kb:

TURNED_OFF

TURNED_ON

TURNED_ON

                                                              TURNED_OFF

                                                                   TURNED_ON

Kb(Empty)

Ds(Empty)

REACTIVATED

                               k@ds

                             Ds(ListKey(ld))

SHOW(Content(ds))

INT

         SHOW(Content(ds))
k@kb

READ(k)

ON-OFF

TURNED_OFF
TURNED_ON

                                TURNED_OFF
                                TURNED_ON

TURNED_OFF
TURNED_ON

ECHO COMP UNIT

KEYBOARD kb:

DISPLAY ds:

Parsing(ld,c,Key(c’)^lk)

Parsing(ld,c,lk)

Evaluating(ld,c,Parse(lk),c’)

Evaluating(ld,c,ld’,c’)

Off

Writing(0,+)

Writing(Eval(ld,c,ld’),c’)

Writing(ld,c)

TURNED˙OFF

INT

TURNED˙OFF

TURNED˙ON

INT

TURNED˙OFF

READ(lk)&RESET˙KB

WRITE(ld)&REACT˙ECHO

        {

Waiting(ld,c) lk = Key(c’)^lk’

        Waiting(ld,c)

TURNED_OFF

ECHO

KEYBOARD

COMP UNIT

DIGIT LIST

DIGIT

KEY LIST

KEY DIGIT

DIGIT

COMMAND KEY

DISPLAY

CALCULATOR

enum digit: 0  1  ...  9  end

DIGIT enum command: + * =  end

COMMAND

sort  nat
cn  0: nat
op  S: nat  -> nat

op  _+_: nat nat -> nat
var n m: nat
ax  0 + m = m
ax  S(n) + m = S(n + m)

NAT sort  key
op  Key: digit  -> key
op  Key: command  -> key

KEY

DIGIT COMMAND

sort  key-list
cn  Empty: key-list
op  _ ^ _: key key-list -> key-list

pr  Not_Empty: key-list
var k: key; lk: key-list
ax  Not_Empty(k^lk)

KEY LIST

KEY

sort  digit-list
cn  Empty: digit-list
op  _ ^ _: digit digit-list -> digit-list

pr  Not_Empty: digit-list
var d: digit; ld: digit-list
ax  Not_Empty(d^ld)

DIGIT LIST

DIGIT sort  keyboard

opKb:key-list-¿keyboard

op˙@˙:keykeyboard-¿keyboard

vark:key;łk:key-list

axk@Kb(lk)=Kb(k^łk)

opContent:keyboard-¿key-list

axContent(Kb(lk))=łk

KEYBOARD

KEY LIST

sort  display
op  Ds: key-list -> display

op  _ @ _: key display -> display
var k: key; lk: key-list
ax  k @ Ds(lk) = Ds(k ^ lk)

op  Content: display -> key-list
ax  Content(Ds(lk)) = lk

DISPLAY

KEY LIST

Off

KEY k:

         Inactive

TURNED_ON

TURNED_OFF

REACTIVATED

DISACTIVATED

       READ(k)

         ECHO(k)

TURNED_OFF

       TURNED_OFF

Waiting Echoing(k)

                                                 TURNED_OFF

                                                TURNED_ON

                                                 REACTIVATED

                                                DISACTIVATED

                                                 READ(key)

                                                ECHO(Key)

COMPUTING UNIT

                            Off

Waiting(digit-list,    )
    (   command)

 Parsing(digit-list, )
     (   command,key-list)

                                 Evaluating(digit-list,command,)
                               (            digit-list,command)

                                          Writing(digit-list, )
                                            (     command)

DIGIT

NAT KEY DIGIT LIST KEY LIST

DIGIT

COMMAND

DIGIT KEY

TURNED_OFF

TURNED_ON

INT

READ(key-list)&RESET_KB

WRITE(digit-list)&REACT_ECHO

    ld ld’:

DIGIT LIST

DIGIT

lk lk’: KEY LIST

KEY NAT

DIGIT KEY

DIGIT

COMMAND c c’:

                               Parsing(ld,c,Key(c’)^lk)

                                 Parsing(ld,c,lk)

                              Evaluating(ld,c,Parse(lk),c’)

                              Evaluating(ld,c,ld’,c’)

                                               WRITE(ld) &
                                               REACT_ECHO

                                    Writing(0,+)

                                    Writing(Eval(ld,c,ld’),c’)

                                    Writing(ld,c)

Off

                                       Waiting(ld,c)

               TURNED_ON

TURNED_OFF

TURNED_OFF

TURNED_OFF

TURNED_OFF

INT

                                           INT

Waiting(ld,c) { lk=Key(c’)^lk’

READ(lk) &
RESET_KB

**  given a list of keys returns the list of the contained digits
op  Parse: key-list -> digit-list
ax  Parse(Empty) = Empty
ax  Parse(Key(d) ^  lk) = d ^  Parse(lk)
ax  Parse(Key(c) ^  lk) = Parse(lk)

**  given a number returns its representation as list of digits
op  Cod: nat -> digit-list
op  Cod’: nat -> digit-list
ax  Cod’(0,ld) = 0 ^ ld
ax  . . .
ax  Cod’(9,ld) = 9 ^ ld
ax  if k < 10 then Cod’(m*10 + k) = Cod’(m,Cod’(k,ld))
ax  Cod(m) = Cod’(m,Empty)

op  Decod: digit-list -> nat
ax  Decod(0 ^ ld) = Decod(ld) * 10 + 0
...
ax  Decod(9 ^ ld) = Decod(ld) * 10 + 9

**  given two lists of digits, ld1 and ld2, and a command c returns the
**  list of digits corresponding to the evaluation of c on ld1 and ld2
op  Eval: digit-list command digit-list -> digit-list
ax  Eval(ld,c,Empty) = ld
ax  if Not_Empty(ld2) then  Eval(ld1,==,ld2) = ld2
ax  Eval(ld1,+,ld2) = Cod(Decod(ld1) + Decod(ld2))
ax  Eval(ld1,*,ld2) = Cod(Decod(ld1) * Decod(ld2))
ax  Eval(Empty,c,ld) = Eval(0 ^  Empty,c,ld)

DIGIT LIST

DIGIT

KEYŁIST

KEY

DIGIT

DIGIT

COMMAND

KEY

CALCULATOR

TURNED_OFF

TURNED_ON

INT

PRESSED(key)

SHOW(key-list)

          WRITE(_) &
          REACT_ECHO

ECHO

ON-OFF

TURNED_OFF

TURNED_ON

DISACTIVATED
READ

DISPLAY ds:

KEYBOARD kb:

COMP UNIT

TURNED_OFF

TURNED_ON

INT ld:DIGIT LIST

DIGIT

lk: KEY LIST

KEY DIGIT

DIGIT

COMMAND KEY k:

                                                      TURNED_OFF
                                                      TURNED_ON

                                                  INT
                                                  READ(_) & RESET_KB

SHOW
PRESS

USER

REACTIVATED
ECHO

WRITE(ld) & REACT_ECHO

Display(ListKey(ld)) k@ds ECHO(k)

REACTIVATED

ECHO DISPLAY ds:

COMP UNIT

ECHO

TURNED_OFF

Kb(Empty)

TURNED_OFF

    TURNED_ON

TURNED_ON

Display(Empty)

KEYBOARD kb:

DISPLAY

    ds:

TURNED_OFF

 TURNED_ON

COMP UNIT

DISACTIVATED

Kb(Empty)

READ(lk) & RESET_KB

ECHO KEYBOARD kb:

DISPLAY ds:

COMP UNIT

                       INT

SHOW(Content(ds))

                                                    SHOW(Content(ds))
k @ kb

READ

                                                              PRESS