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Abstract. The Software Architecture Model (SAM) is a general soft-
ware architecture model based on a dual formalism combining Petri nets
and temporal logic. This paper proposes a formal method for modeling
and analyzing real-time systems with SAM. A high level Petri net and
a linear time temporal logic are used as the theoretical basis for SAM.
Behaviors of real-time systems are modeled by Petri nets, while their
properties are specified by temporal logic. By translating Petri nets into
clocked transition systems, we can apply the Stanford Temporal Prover
to automating the analysis of real-time systems. A case study of interac-
tive multimedia documents demonstrates our approach to modeling and
analyzing real-time systems with SAM.
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1 Introduction

SAM is a general software architecture model for developing and analyzing soft-
ware architecture specifications. The theoretical basis of SAM is a combination
of two complementary formal notions: Petri nets [Mur89] and temporal logic
[Pnu77], with the choice of Petri nets and temporal logic open. In [WHD99],
Time Petri Nets (TPNs) and Real-Time Computation Tree Logic (RTCTL) are
used, while in [HD02], Predicate Transition Nets (PrTNs) and a first order lin-
ear time temporal logic (LTL) are used. Other kind of Petri nets [Tro95] and/or
temporal logic [Eme90] can also be used. In the SAM framework, Petri nets are
used to define the behavior models of systems and temporal logic is used to
specify system properties (or constraints). The sound mathematical foundation
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of SAM can help to detect and eliminate design errors early in the development
cycle, avoid costly fixes at the implementation stage.

Several earlier works dealt with real-time system modeling and analysis based
on Petri nets [MF76,CR83,LS87], but few built tools to support the analysis
process. This paper shows how to model and analyze real-time systems in the
SAM framework. Our work differs from [BD91] in that we use high-level Petri
nets and a first-order temporal logic as our formal foundations. In addition,
we formalize and automate analysis process, which is believed to be vital for
practical use of formal methods [CW96].

The rest of the paper is organized as follows: Section 2 gives a brief intro-
duction to SAM and its application in modeling and specification of real-time
systems. Section 3 proposes our analysis method. Section 4 presents a detailed
case study which shows how to apply our method to formally modeling inter-
active multimedia documents and analyzing their consistency. Section 5 is the
conclusion.

2 Real-Time Modeling in SAM

2.1 The SAM Specification Structure

In SAM, a software architecture is defined by a hierarchical set of compositions
in which each composition consists of a set of components, a set of connectors
and a set of constraints to be satisfied by the interacting components. Basically,
behaviors of components and connectors are modeled by Petri nets, while their
properties (or constraints) are specified by temporal logic formulas. The inter-
faces of components and connectors are ports. Figure 1 shows a graphical view of
a SAM architecture model, where the higher level component A3 is decomposed
into a lower level sub-architecture.
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Figure 1. A SAM architecture model




Several correctness criteria of SAM models are identified in [HD02]. One
basic criterion is element correctness which requires the property specification S
to hold in the corresponding behavior model B, i.e. B = S.

2.2 PrTNs and Behavior Modeling

A PrTN is defined with an underlying first-order language Lp with typed do-
mains. The logic contains ordinary symbols for variables, constants, functions,
predicates, logic connectives, and quantifiers. The set of variables V is parti-
tioned into two disjoint sets: D (the set of discrete variables) and C' (the set of
clock variables). One of the clock variables T' is designated as the master clock.
The sets of terms and well-formed formulas of Lp are denoted by Term and WIf.
Let Ms denote multi-set of terms of the special forms {kia1, ..., kya,}, where
k; € Nat and a; is a ground term.
A PrTNin Lp is a tuple 7 = (P,Tr, F, L, R,mg), where

— P: a finite set of places;

— T'r: a finite set of transitions ;

— FCPxTrUTr x P: the set of arcs;

— L : F — Ms: labels;

— R : Tr - Wff: transition constraints. We assume that R contain both
functional constraint Ry and real-time constraint Rp. In particular, a real-
time constraint for transition ¢ is a realtion of the form ¢; € [¢,u], where ¢
is a local clock associated with transition ¢, £ is called the earliest firing time
(EFT) for ¢, and u the latest firing time (LFT).

— mg: the initial marking.

Remarks:

— As far as real-time specification is concerned, a PrTN is similar to a TPN.
A real-time constraint Ry in a PrTN is the counterpart of static interval
marking (SIM) in TPN [BD91]. Consequently, they share similar real-time
semantics.

— Pr'T'Ns allow for complex data structures. In particular, we require that each
token in a PrTN contain a time stamp (global time).

Graphical Notations: A real-time constraint for transition ¢ is generally repre-
sented by a time interval [£, u]. For simplicity, we use several graphical notations
as defined in Table 1.

Table 1. Several graphical notations

Description| Instantaneous | Acuratetime | Lower bounded | Upper bounded
a >=a <=a
Notation U U

Meaning

| =u=0

| =g, u= o0

| =0, u=a




A general form for a state S of a Pr'TN can be defined as a pair S = (m, I)
consisting of:

— a marking m;

— a firing interval set I which is a vector of possible firing times. The number
of entries in this vector is given by the number of transitions enabled by
marking m.

Given a marking m, a transition ¢t € T'r is enabled if the following condition
is satisfied : Vp € P.(L(p,t) C m(p)) A Rp(t).

A transition ¢ is firable from state S = (m,I) at time 7 + @ if both of the
following conditions hold:

— t is enabled by marking at time 7: ¥p € P.(L(p,t) C m(p)) A Rp(t)
— the relative firing time 6 is not smaller than EFT of ¢ and not greater than
the smallest of the LFT’s of all the transitions enabled by the marking M.

Let us assume transition ¢ be firable at time ¢ + 6 from state S = (m, I).
Then the state S’ = (m', I') reached from S by firing ¢ at the relative time 6 can
be computed as follows.

— m/' defined by m'(p) = m(p) — L(p,t) + L(t, p), for all p € P. We call m' the
t-successor of m, denoted by mtm'. !
— I' is computed in three steps:

e Remove from the expression of I the intervals that are related to the
transitions disabled when t is fired.

e Shift of the value 6 towards the origin of times all remaining firing in-
tervals, i.e., the intervals that remain enabled and so remain in I, and
truncate them, when necessary, to nonnegative values.

e Introduce in the domain the time interval of new transitions enabled.

The behavior “transition ¢ is firable from state S at time ¢ and its firing leads
to state S’” is denoted as:
st
A firing schedule is a sequence of pairs
(tl,cl) o (tQ,CQ) e . ..0 (tn,cn) .
in which ty,ts,...,t,, ... are transitions and ¢, co, .. ., Cp, . - . are times. This fir-
ing schedule is feasible from a state (my, Ip) iff there exist states (m1, I1), (ma, I2),
ooy (my, I), ... such that:

(mO,Io) (M) (ml,l1) (t2—70§) (mQ,IQ) . (tﬁg) (mn,In) o

A run of a PrTN is a sequence of observations (mg, cp), (my,c1), (ma,c2), ...
in the above firing sequence. We define the computation of , denoted by Comp(r),
to be the set of all possible runs.

! Note that multiple non-conflicting transitions are capable of being fired simultane-
ously. In this case, m’ equals to the final marking by arranging transitions to be fired
one by one.



2.3 LTL and Property Specification

The requirement specification language is LTL. A temporal formula in LTL is
constructed out of state formulas to which we apply the boolean connectives and
temporal operators. Future temporal operators include O (always), W (wait-for),
< (eventually), O (next), and U (until). Past operators include & (previously),
B (so-far), ¢ (once), and S (since). We write p == ¢ as an abbreviation of
O(p — q). A past formula is one that contains no future temporal operators.

A model for a temporal formula p is an infinite sequence of states o : sg, s1,. . .,
where each state s; provides an interpretation for the variables mentioned in p.
The semantics of a temporal formula p in a given model ¢ and position j is
denoted by (o,j) = p. We define:

— For a state formula p, (0,j) Ep < sjFEp
— (o)) E-p & (o)) Fp

0,j) EpVa & (0,4)Fpor(sj) g
JEOp & (o,i)Epforalli>j
)EOp & (0,i) = p for some i > j

These are all the LTL operators we will use in this paper. The interested reader
is referred to [MP92,MP95] for detailed presentation of temporal logic.
Two important classes of properties are: safety and response.

— Safety properties are those that can be expressed by a formula O, for some
past formula .

— Response properties are those that can be expressed by a formula p == <g,
for some past formula p and gq.

Since clocks are explicit variables in PrTNs, temporal formulas may freely refer
to them. This includes, in particular, the master clock 7', allowing the natural
expression of time-dependent properties. For example, ¢ < T AT < u — p)
states that p holds over the time interval [£, u].

One interesting point is that many useful specifications which are progress
properties in their untimed version correspond to safety properties when a time
bound is added [MP96]. For example, showing that a system reaches and main-
tains p within time § is expressed as the invariance O(T > § — p).

A model o : s, s1, ... satisfies a temporal formula if (o,0) |= p. A temporal
formula p that is valid over a program P specifies a property of P, i.e., states a
condition that is satisfied by all computations of P.

Since LTL is an extension of first-order logic, the deductive system for LTL
includes axioms and rules from first-order logic, as well as those axioms and rules
specific to temporal operators. Typical rules include:

— Modus ponens: p,p — qF g
— Chain: p = ¢q,q - Orkp — Or



3 Formal Analysis of SAM Models

3.1 A Formal Analysis Method

Our analysis method is illustrated in Figure 2, which is based on the Stanford
Temporal Prover (STeP) [MABT94]. PrTNs are systematically translated into
CTSs. The latter becomes one input to STeP tools. The correctness of LTL for-
mulas against CTSs is verified either by deductive proof, or by model checking.

PrTN models LTL formulas

Tranglator

CTS models

STeP Tools

lresults

Figure 2. A formal analysis method

The basic verification rule for safety properties is B-INV:

O = p, {p}T{p}
Up

A verification session in STeP begins by loading a program or transition system
that describes the system of interest and entering a temporal-logic formula that
expresses one or more properties to be proved. The formula becomes the root
goal of a proof tree. Verification can be performed by the model checker or
by deductive means. The most common route to proceed proof is to apply a
verification rule, which generates the first level of subgoals of the proof tree. If
all subgoals are established automatically by the Simplifier, the proof is finished.
For those verification conditions that are not proved automatically, an interactive
Gentzen-style theorem prover is usually invoked.

3.2 Clocked Transition Systems

A CTS is an extension of transitions systems to account for continuous real-time.
The basic idea is to add explicit real-valued clock variables to the system, which
measure the passing of time. Formally, a CTS § = (V,0, T, II) consists of:

— V: A finite set of system variables, partitioned into a set D of discrete vari-
ables and a set C of real-valued clock variables. We define a state s to be a
type-consistent interpretation of V. The set of all state is denoted by X

— O: The initial condition, a satisfiable assertion characterizing the possible
initial states. We require that @ implies 7" = 0.



— T: A finite set of transitions. Each transition 7 € 7 is a function
Ty = 2F ,

mapping each state s € X into a (possibly empty) set of states 7(s) C X.
Each state in 7(s) is called a 7- successor of s.
We say that the transition 7 is enabled on the state s if 7(s) # 0. Otherwise,
we say that 7 is disabled on s.

— II: The time-progress condition. This is an assertion over V', used to specify
a global restriction on the progress of time.

To account for the passage of time, a tick transition is added to the set of
transitions. The transition relation for tick is given by

A>0AVte|0,AlII(D,C+1t)
ptick:ElA- A
D=DAC'"=C+A

where C' = C 4+ A stands for A.cc (¢’ = ¢+ A). Thus, tick preserves the values
of all discrete variables and uniformly increments all clocks by an amount A that
satisfies the global time-progress condition IT. We denote the set 7 U {tick} by
Tr.

A runofa CTS S : (V,0,T,II) is an infinite sequence of states o : s, 51, . ..
such that (1) sg = © and (2) for each j > 0 there is some 7 € Tp such that
sj+1 € 7(sj). In this case we say that 7 is taken at s;. A state s is reachable if it
appears in some run of 7. A run is a computation if it satisfies time divergence,
that is , the value of T increases beyond any bound. Comp(S) is the set of all
the computations of S.

3.3 From PrTNs to CTSs

We adopt the idea from [MP96] to associate lower and upper time bounds with
transitions. A lower bound £ on transition 7 is enforced by associating a clock ¢,
and adding the condition ¢, > ¢ to 7’s enabling condition. When the enabling
condition for 7 first becomes true, ¢, is reset to 0. Upper bounds appear as
constraints on II: if u is the upper bound on 7, then ¢, < u appears as a
conjunct in I7.

Given a PrTN 7 = (P, Tr,F, L, R,myg) as defined in section 2.2, we define a
corresponding CTS by S = (V,0,T,II), where

— The set of local variables: V = {v, | p€ P} U{e|t € Tr} U {T}.
— Initial conditions:

CES /\(Up:mO(p)) /\(Ctzo)/\(TZO)

peEP teTr



— o For every transition ¢t € T'r, there is a corresponding transition 7¢, whose
. . def
transition relation is defined as p,, = en(r;) — f(7;), where

en(r) = Rp(t) A J\ (v, 2 L(p, 1))
peP

f(m) = N\ (v, = v, — L(p,t) + L(t,p))
peP
The set of all possible transitions 7 = {7 | t € T'r}
e For the special transition tick: the transition relation is the same as in
section 3.2.
— The time-progress condition IT is : A,cp,(c: < uy)

Theorem 1 (Soundness of the transformation). Given a PrTN =, suppose
Sz = (V,0,T,II) be the CTS obtained from © using the above transformation
rules.

— For any run o = (mg,cp), (M1, ¢1), (M2, ¢2),... € Comp(w), Vi € Nat, there
exists a mapping s; from V to the correspondence domain such that Vv, €
V.si(vp) = mi(p), si(T) = ¢, and o' = sg, 81, 82, ... € Comp(Sr).

— For any state sequence o = sg,S1,S2,... € Comp(Sy), Vp € P,i € Nat,

let mi(p) = si(vp),c; = s4(T), then o' = (mg,co), (Mmy,c1), (M2, c2),... €

Comp(r).
Proof:

(1) Suppose o = (mqg, o), (Mm1,¢1), (m2,c2),... € Comp(rw). Let the corre-
sponding transition sequence be togtits . ... By definition, the following predicate
holds:

Vi € Nat,Vp € P.(mi(p) 2 L(p,1)) A Rp(t:)) A (miy1 = mi(p) — L(p,t) +
L(t,p))
Vv, € D,c € C, let so(vp) = mo(p),so(c) = 0, we get so = ©. For each
i € Nat, (s;,8i+1) = 7¢; holds. Consequently, sg, $1, 2 ... is a run of S;. There-
fore o' = sp, 51, 82,-.. € Comp(Sy).

(2) Suppose o = sy, 51, S2, ... € Comp(Sy). Let the corresponding transition

sequence be Ty, Ty, Tiy, - - .- SO (M, ¢;) € [(mo,co) > 2 follows from the definition
of my, ¢;, and 7. Consequently, o' = (mqg, o), (m1,¢1), (M2, ca),... € Comp(r).
O

4 An Example: Consistency of SMIL Documents

SMIL is the W3C format for multimedia synchronization on the web [Rec98]. It
uses the XML to define a set of markup tags to associate timing and positioning
relationships between multimedia objects, such as audio, video, image and text.

2 The notation (m;,¢;) € [(mo,co) > denotes that (m;, ¢;) is reachable from the initial
observation (mo,co).



One important issue about specification of temporal constraints of an in-
teractive multimedia document is how to meet the user’s QoS requirements. In
the case of SMIL, the tag switch is applied to express the user’s preferences
concerning bit-rate transmission capabilities, preferred language, size of screen,
alternative media presentation, etc.. However, the satisfaction of user’s QoS re-
quirements may lead to unexpected bad timing constraints. By defining formal
semantics for SMIL, we can verify the correctness of a SMIL document against
its specification.

Consider the following SMIL document.

< id=‘‘par01’’ >
< seq id=‘‘seq01’’ >
< Imgl dur = ‘6s’.../ >
< switch >
< Audio dur = ‘20s’.../ >
< Txt dur = ‘3s’.../ >
< /switch >
< /seq >

< seq id=‘‘seq02’’ end=‘‘id(seq01)(end)’’ >
< Video dur = ‘10s’.../ >
< Img2 .../ >
< /seq >
< /par >

It consists of a sequence of a video clip (Video) followed by an image (Img2).
This sequence (Seq02) must be presented simultaneously with another sequence
(Seq01) which consists of an image (Imgl) followed by some related information.
This information corresponds to an element of the SMIL operator switch, such
as an audio segment (Audio) or a text (Txt). The end of presentation of Img2 is
determined by the end of the sequential presentation of Imgl and the element
chosen in the switch operator.

The above SMIL document can be formally modeled by a PrTN in Figure 3.
Audio 20

Imgl 5 %
A N
- %%M ° 20

P1 t1 Video 10 Img2
Q M N
u \_/ t8
P7 t7 P8

Figure 3. A Pr'TN for the SMIL document

By applying the translation rules, we can obtain a corresponding CTS § =
(V,0,T,II) from the PrTN in Figure 3, where

— V ={Up1s--UpgsCys---1Cty, T}



- 0= ((Um = 1) /\z?fvpl ('Clj = 0))
= T ={t1,ts,...,t9}
— 1T = Ao, (e S wr)

The CTS in STeP script is as follows.

Clocked Transition System ) A CTS for the SMIL document
out p:array [1..9] of int
where (p[1]=1) /\ Forall i:[2..9]. (p[il=0)
clock c1,c2,c3,c4,c5,c6,c7,c8,cO
where c1=0 /\ c2 =0 /\ ¢3=0 /\ c4 =0 /\ c56=0 /\ c6=0
/\ c7=0 /\ 8 =0 /\ c9=0
Progress
(pl2]1=1 --> c2 <= 5) /\ (pl[4l=1 --> c4 <= 20)
/\ (p[Bl=1 --> c6 <= 3) /\ (p[7]=1 --> c7 <= 10)
Transition tl: enable p[1]l=1
assign (p[1],pl[2],p[7],c2,c7) := (0,1,1,0,0)
Transition t2: enable p[2]=1 /\c2>=5
assign (p[2],p[31) := (0,1)
Transition t3: enable p[3]=1
assign (p[3],p[4],c4) := (0,1,0)
Transition t4: enable p[4]=1 /\c4>=20
assign (p[4],pl[6]) := (0,1)
Transition t5: enable p[3]=1
assign (p[3],p[5]1,c6) := (0,1,0)
Transition t6: enable p[5]=1 /\c6>=3
assign (p[5],pl6]) := (0,1)
Transition t7: enable p[7]=1 /\c7>=10
assign (p[7],p[81) := (0,1)
Transition t8: p[6]=1 /\ pl[7]=1
assign (p[6],p[7],p[9]) := (0,0,1)
Transition t9: enable p[6]=1 /\ p[8]=1
assign (p[6],p[8],p[9]) :

(0,0,1)

One real-time requirement of the SMIL document is consistency between the
two media sequences, i.e.,

Once the two media sequences start to play, they will coincide within 25 time
units.

This property can be formally expressed by the following LTL formula:
[1 (T >= 25 -—> p[9]=1).

This property is inductive, that is, it is preserved by all transitions. It is proved
automatically using rule B-INV and automatic simplification procedures, which
is shown in Figure 4.
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Figure 4. A snapshot of the verification session

5 Conclusion

This paper proposes a formal method for modeling and analyzing real-time sys-
tems with SAM. PrTN and LTL are used as the theoretical basis for SAM.
Behaviors of real-time systems are modeled by PrTNs, while their properties are
specified by LTL. PrTNs have expressive power to model real-time behaviors
and complex data structures. By using explicit clock variables in PrTNs, ordi-
nary temporal logic like LTL is capable of specifying real-time properties, which
eliminates the need of other specification languages. Pr'TNs are systematically
translated into CTSs. Consequently, we can resort to STeP tools for automating
the analysis process.

Our method differs from that in [SC00] for analysis of interactive multimedia
documents. In [SC00], interactive multimedia documents are translated into RT-
LOTOS specifications [CSLO00], and reachability analysis is performed on the
transformed specifications. Instead, we use high-level Petri nets and first-order
temporal logic as our formal foundations, and base our method on STeP, where
deductive proof or model checking or the combination allow for the verification
of a broader class of systems.

Interesting research topics include compositional verification methods and
tools for real-time systems with SAM, application of SAM to modeling and
design of industrial scale real-time systems.
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