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A b s t r a c t .  
PROLOG Interpreted Predicate Net (PIPN) is a software tool for the specification 
and analysis of communications in distributed computing systems. Labelled 
Predicate/Transition Nets are embedded into a logic programming environment. 
Execu tab le  spec i f i ca t ions  are def ined  by labe l led  t ransi t ion systems.  
Observational  equivalence and temporal  logic techniques are concurrent ly 
applied.  

INTRODUCTION 

This paper describes a software for the specification and analysis of 
communications in distributed computing systems. This environment investigated 
during ESPRIT project SEDOS, relies on several research areas, namely: 

-Structuring and state oriented principles of ESTELLE [EST], 
-Observational behaviour as introduced by Milner [MILl and Branching 

Temporal Logic as defined in [CLA,PNU,SIF], 
- Communicating automata and Petri Nets [GEN], 
- Declarative programming, as implemented by PROLOG. 

Among its facilities are: 
- a debugging phase through simulation of executable specifications, 
- computation of a global net from a set of modules and a complete labelled 

marking graph, 
- detection of abnormal behaviours, i.e. deadlock, livelock, 

effect ive characterization of  services offered to user by means of 
observational and logical verification techniques. 

The formal model is in t roduced in Sect ion I. It is based upon 
Predicate/Transition Nets, to which the concept of label is added for composition 
purposes. Section II deals with structuring and communication aspects. A median 
approach to verification, based on observational equivalence and temporal logic 
techniques, is introduced in Section III. 

I. P r e d i c a t e / T r a n s i t i o n  N e t s .  

Label led  e lementary  Predica te /Trans i t ion  Nets are an extension of 
Predicate/Transition Nets (Pr/T). The objective of this extension is primarily the 
composition of behaviours through net transition merging. Petri Nets have been 
regarded as communicating automata ever since they were introduced by C.A. 
Petri; H. Genrich introduced Pr/T Nets as a folding of Petri Nets. The concept of 
label is derived from the Calculus for Communicating Systems, CCS. 
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I c°mmunicat i°n I 

Figure 1. Finite State Machines. Figure 2. Petri Net. 

Figure 1 depicts transition send, which turns state think into state wait. 

A Petri Net marking is a set of elementary propositions and not only a 
single proposition as in the case of FSM. The occurrence of a transition may be 
interpreted as the simultaneous state changes of several FSMs. 

Figure 2 depicts the merging of transitions send and receive. The occurrence 
of transition communicat ion (send-receive) simultaneously modifies the current 
states of  sender and receiver. An interpretation of this model is the rendez-vous 
abstraction: message emission and reception occur synchronously. 

In the case of  Pred i~a~e /Trans i [ i0n  N e t s ,  places represent  predicates  
(instead of propositions), and the flow relation carries terms. 

An interpretation I associates a specific annotation with each element of the 
net structure. The purpose of this interpretation, declared by Horn clauses, is to 
define the permitted support or the universe of discourse, that is, the specific 
domains for logic variables. 

S is a set of predicates, the so-called places. The arity of a place predicate 
may be 0, in the case of logic proposition, or k, in the case of k-tuple tokens. 

T is a set of transitions, S n T = ~ .  Interpretation constraints, that may be 
empty, can be associated with a transition, . 

F is the flow relation, F ~ SxT u TxS. Logic term is associated with an arc 
from a place to a transition, and from a transition to a place. These logic terms are 
of the same arity as the associated place predicate. The default value refers to the 
case where the respective arity of the corresponding place is 0. 

Marking M is a subset of ground instances of places. 

The enabling rule ensures that the current marking satisfies the set of 
precondit ions of  transition t, in other words, there exists a substitution c for 
variables occurring in preset(t) which validates these preconditions, i.e., 
M ~ preset(t):cr, preconditions satisfaction logically follows from marking M. 

Next marking M' is obtained using the following firing rule: 
if (constraint(t):~ = true), then M' = MXpreset(t):~ u postset(t):cr 
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II. Structuring and Composition Principles. 

The basic idea is first to decompose a whole system into modules, wich are 
assigned a specific behaviour. Then these modules are interconnected in order to 
build a complete system behaviour specification. The main advantage is that it 
allows a separate analysis of modules. The introduction of labels associated with 
module transitions is the basic mechanism. 

A label  assoc ia ted  with a t ransi t ion has the fo l lowing structure: 
<gate,direction,message>, where 

direction is either ! for message emission, or ? for message reception, gate 
name refers to an interaction point with external environment,  message is a 
logical term. 

Modules (and transitions) are then connected by the declaration of a specific 
instance of clause connect whose structure is the following: 

connec t (module t  (gate 1 !int 1) ,module2(gate2?int2)) .  
This clause is interpreted by merging transitions with compatible labels. 
Merging of two transitions is defined by the logic union of respective preset 

and postset of merged transitions. 
Two labels are compatible if they satisfy a declared connect clause, that is, if 

they appear in a connect clause and if their respective messages are unifiable. 
A labelled elementary Predicate/Transition Net is an elementary Pr/T net 

augmented by labelling function 1 which associates a list of visible events with 
any transition. 

The interpretation of field label corresponds to the simultaneous occurrence 
of associated events. Furthermore, communication uses logical unification. 

11.1 A r c h i t e c t u r e .  

Modularity and parameterization are used as structuring concepts. A system 
is described by a set of modules interconnected in a hierarchical manner. Two 
objects bearing the same name are distinguished. In other words, encapsulation is 
based on solving name conflicts. On the other hand, modulari ty provides an 
instanciation mechanism.  

A module body is defined by a labelled Pr/T, which specifies the 
behaviour. A module header declares the set of gates associated with a parent 
module and the way in which internal child module gates are interconnected. 

Figure 3 illustrates a particular architecture. 
Module site encapsulates modules user and provider.  Gate down is a gate of 

module user, the set of gates of module provider is {up, left, right}. 
Clause c o n n e c t  is designed to s imultaneously per form renaming and 

synchronization on internal events. Gates down and up are connected by means of 
clause connect. 

Clause at tach defines the renaming of child gates into parent gates. With 
respect to module site, the left and right gates of child module prov ider  become 
external through attachment operations. 

Similarly, a system module may be derived from the interconnection of 
three instances of module site. 
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Figure 3. System Architecture. 

11.2 Net Composition. 

The basic idea of synchronization is similar to that used in TCSP [BRO]: 
synchronized events may be synchronized further with events of other modules, 
however, explicit hiding is available. 

Transition merging is the basic mechanism for parallel composition of 
labelled Pr/T nets. Two transitions may be merged if and only if their labels 
share an identical gate and their respective interactions are unified by a most 
general unifier ~. 

Merging of two distinct sets of transitions T1, T2 ( T l n T 2 = O )  results from all 
possible mergings within TlxT2.  

Let N = N1 II N2 be a labelled Pr/T net, which results from the parallel 
composition of two nets N1, N2, then 

The initial marking of N is the union of initial markings of N1, N2 
respectively. Transition set of net N results from the merging of compatible 
transitions of N1, N2. 

From the transition set and the initial marking, the labelled graph G of 
reachable markings is computed using Pr/T Nets firing rule. This graph 
represents the behaviour of a labelled Pr/T net, and supplies Kripke's structure 
<M,E,A,P,V> used for temporal logic and observational verification where: 

M: countable set of states (markings), 
E: finite set of labels, i.e., event = <gate,interaction>, 
A: binary relation on M, 
P: set of atomic propositions (ground instances of places), 
V: MxP~{true,false},  proposition assignment to states. 
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III. Ver i f i ca t ion .  

This section deals with the standard problem of checking whether a 
proposed solution actually meets the user requirements. 

The verif icat ion of distributed computing systems may be conducted 
according to two complementary techniques: that is, logical verification and 
observational verification. Here, a median verification approach is proposed in 
order to merge these two techniques into a single environment. 

III.1 Tem p ora l  Logic. 

Various systems of  temporal  logic have been in t roduced for the 
specif icat ion and val idat ion of  dis tr ibuted comput ing systems propert ies  
[PNU,CLA,SIF]. The main motivations are: 

the formal frame which they provide for verification, 
the expressive power of such logics which allows expression of ordering of 

event instances, formalization of properties of the form: "it may be that . . . .  it is 
inevitable that ... providing that ...", etc. 

Verification consists of two steps: 
1. the system requirements are expressed in terms of temporal logic assertions; 
2. the validity of these assertions is then checked against the graph of reachable 
global states. 

For the system depicted in Fig. 3, the behavior of an user is depicted in Fig. 4. 

e!ve, 
down ! request down ? ack down t release 

Figure 4. User Model. 

For this kind of system, the main requirement is the Absence of Starvation: 
an User that has sent a request always receives an acknowledgement.This 
assertion may be expressed as: 
After User(down ! request) => Inev User(down ? ack) : From all states which 
follow a request, an acknowledgement is inevitably received. 

I I I .2  Ob se rva t i ona l  Verification. 

Several notions of system equivalence based on the system reactions to 
external stimuli have been introduced [DE]. They allow deletion of unwanted 
details in models of communicating systems. Here, the Observational Equivalence 
introduced by R.Milner in C.C.S is considered [MILl. 
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The Observa t iona l  approach defines  an equiva lence  relat ion on the 
reachable states and computes a reduced graph from this equivalence relation. 
Informally, Observational Equivalence is deduced from a Criterion of Observation 
of the system (i.e., a partition of events into observable and unobservable 
events). Two states are equivalent if and only if they cannot be distinguished by 
any observable  experiment.  

The observational verification may consist of the following steps: 
t .  Select the criterion of observation (e.g., service interaction primitives are 
o b s e r v a b l e ) .  
2. Compute  the equivalence  classes associated with this cri terion and the 
corresponding reduced graph, the so-called abstract model. 
3. Analyse the abstract model. 

The same system (Fig 3) is considered, and more precisely the local service 
offered to the user. This abstraction is obtained by considering observable the 
following events: { up ? request, up ! ack, up ? release }. 

Figure 5 depicts a possible abstract model. 

up ? requestj,~vk,,.~j ' up ! a c k ~ , ~  up ? release 

Figure 5. Provided Service. 

The following properties can be deduced from the analysis of this abstraction: 
- User is deadlock free, 
- An user that has sent a request may  receive an acknowledgement .  

111.3 L o g i c a l  and  O b s e r v a t i o n a l  V e r i f i c a t i o n  C o m p a r i s o n .  

The logical verification is reliable but requires a great deal of ingenuity on 
the part of the user. For this approach, the user should express the system 
requirements in terms of temporal logic. Temporal logic assertions supply a non 
ambiguous interpretation of the user requirements. Howewer agreement on the 
meaning of these assertions needs a fairly good understanding of temporal logic. 

The abstract verification supplies an interesting interpretation of relevant 
events. By selecting the appropriate criterion of observation, it is possible to 
"visualize" specific points of the protocol. Unfortunately, the obtained protocol 
view may be too abstract: 

Observational  equivalence may merge two clearly distinct states in the 
same class, that is, a progress state, from which the system necessarily executes 
an observable action, and a divergence state, where the system indefinitely 
executes unobservable  events. 

Interpreting the abstract view of the protocol is difficult  because the 
abstract model does not refer to any concept of system state. 
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111.4 Median Verification. 

The objective of this approach is to obtain in a single environment the 
advantages of  both techniques. It must produce an abstract view of the protocol 
which is sufficiently abstract to be readable and intelligible and informative 
enough to enhance logical verification. 

General Principle: The median approach consists of extending the classical 
abstract verification through use of an analysis of the Abstract Model. This 
analysis increases the knowledge on the classes of the abstract model so as to 
verify an additional number of logical properties on the abstract model itself. 
Informally, this approach furnishes an abstract view of a system similar to the 
obse rva t iona l  equ iva lence  technique but ex tended  to include addi t ional  
information on internal states and event loops. 

The analysis concerning the abstract model relies on properties of the graph 
derived during computation of the observational equivalence. Computation is not 
c u m b e r s o m e ,  

Computation Progress. 

Livetock Definition: Each state of the quotient graph actually represents an 
equivalence class of  states. In general, it is necessary to know whether the 
represented class is a l ivelock one. Livelock is said to occur if  the system 
indefinitely computes in the absence of any observable event. 

Livelock Detection: Only finite transition systems are considered, every 
equivalence class is itself finite and consequently a class is a l ivelock iff it 
contains a x-cycle (i.e., a cyclic path which involves unobservable events only). 

Computation Progress: Let Zobs be the set of observable events, G the 
labelled marking gragh. The computation associated with G and Lobs progresses  
iff  for every reachable marking of the system an observable event necessarily 
O c c u r s .  

Characterization: The computation associated with G and Lobs progresses iff 
G contains no Livelock. 

State Characterization. 

The notion of marking disappears in the abstract model. To increase the 
readability of the abstract model, potential and inevitable states of the system 
are introduced. A potential state (resp inevitable state) of the system in a class is 
a state which the system may  (resp wil l )  reach, from any class state 

The characterization of Potential (resp Inevitable) state of the system in an 
equivalence  class is based on the modal propert ies  on the observat ional  
equivalence [HE] (resp on the concept of computation progress). 
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Application 
The same system (Fig.3) and local service (Fig.5) are considered. 

The notion of Computation Progress allows to check the absence of starvation: 
- either, class 2 is a l i v e l o c k ,  then the system may indefinitely compute 

within this class: s t a rva t ion  may occur  
- either, class 2 is a p rogres s  class, then the occurrence of an observale 

event is necessary: absence of  s t a rva t ion  is gua ran teed  

C o n c l u s i o n .  

The Median Verification approach allows f o c u s i n g  on specific aspects of the 
protocol. Each phase in the protocol can be visualized and analysed. Properties 
concerning a given phase can be directly established on the corresponding 
abstract view. However,  the information collected through focusing on the 
different phases should facilitate a subsequent logical verification. 

The structuring and composition techniques are implemented in software 
package PIPN. This package includes a graphical SADT-Iike editor allowing 
definition of the model architecture and communication relations. Communication 
through FIFO queues is available, as built-in modules. A compilation module 
derives a global net from the elementary components. The state space may be 
interactively explored by using a simulation module. The graph of reachable 
markings can be computed and then reduced with respect to observational 
criteria. 

Several experiments are underway with respect to the specification and 
verification of distributed computing systems. Two main areas are considered: 
real time constraints and mutual knowledge concepts. 
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