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ABSTRACT

VERIFICATION OF SDL SYSTEMS WITH PARTIAL ORDER METHODS

Sen, Mehmet Alper
M.S., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Kemal Inan

May 1997, 99 pages

Partial order methods are one of the state space reduction techniques for formal
verification of industrial size systems. SDL specific complexity relief techniques
are derived by applying the method of persistent sets, which takes benefit of par-
tial order methods, to SDL programs. For this purpose an automaton called SSM
is defined that models SDL programs by abstracting out linguistic details. Nec-
essary and sufficient characterizations of persistent sets are derived for communi-
cating SSMs and used to formulate an algorithm of persistent set computation.
The subset of SDL for which the results are derived covers SDL primitives save
and priority inputs that violate FIFO reading discipline at input queues. The re-
sults of the approach have been implemented with a software tool POVSDL and

experimental results show that complexity reduction can be orders of magnitude.

Keywords: verification, partial order reduction, persistent set, formal specifica-

tion, parser, software engineering, communication software, SDL
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SDL SISTEMLERININ KISMI SIRALAMA METODLARI ILE
DOGRULANMASI

Sen, Mehmet Alper
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Kemal Inan

Mayis 1997, 99 sayfa

Kismi siralama metodlar1 endiistriyel boyuttaki sistemlerin bicimsel olarak dogru-
lanmasinda kullanilan durum alani ufaltim tekniklerinden biridir. Kismi siralama
metodlarindan yararlanan siirekli kiimeler metodunun SDL programlarina uygu-
lanmasi ile SDL sistemleri i¢in karigikliktan kurtaran teknikler tiiretilmistir. Bu
nedenle SDL programlarini, SDL dilinin detaylarini soyutlayarak, modelleyen
SSM adli bir otomat tanimlanmigtir. Haberlegen SSM’ler icin siirekli kiimelerin
gerekli ve yeterli karakterizasyonu tiiretilmigtir ve bu da siirekli kiime hesaplan-
masinda bir algoritma formiile edilmesinde kullanilmigtir. Sonuglarin tiiretildigi
SDL alt kiimesi save ve priority inputs gibi girig dizisinde FIFO okuma disiplini-
ni ihlal eden SDL kavramlarini kapsamaktadir. Gelistirilen yaklagimin sonuclari
POVSDL adl bir yazilim araci ile gergeklegtirilmigtir ve deney sonuclar: karigiklik

azaltiminin biiyiik oranda oldugunu gostermistir.

Anahtar Kelimeler: dogrulama, kismi siralama azaltimi, siirekli kiime, bigimsel

belirtim, ayrigtirici, yazilim miihendisligi, iletigim yazilimi, SDL
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CHAPTER 1

INTRODUCTION

I.1 Background

Concurrent systems are systems composed of elements that can operate concur-
rently and communicate with each other. FEach component can be viewed as a
reactive system, that is a system that continuously interacts with its environ-
ment. The behavior of a reactive system is defined by its ongoing behavior over
time. This is quite unlike the traditional ”transformational” view of programs
where the functional relationship between the input state and the output state
defines the meaning of a program. Indeed, reactive systems are not dedicated
to the transformation of data(like traditional programs), but rather to the con-
trol of processes. There are many examples of such concurrent reactive systems:
computer networks, asynchronous circuits, operating systems, and various forms
of plant-controller systems, such as telephone switches, flight-control systems,
manufacturing-plant controllers, etc.

It is difficult to design concurrent reactive systems because they usually have
an extremely large number of different behaviors which arise from the combi-
natorial explosion resulting from all possible interactions between the different
concurrent components of the system, and the many possible race conditions
that may arise between them. This situation makes the development of concur-

rent reactive systems an extremely difficult task. Concurrent reactive systems



should therefore be checked for correctness before implementation. This may
be either a syntactic check or a dynamic check in which case the system should
be executed. Testing is also of very limited help since test coverage is based
on only a fraction of the possible behaviors of the system. Since testing is not
adequate this situation attracts more importance due to the increasing usage of
reactive systems in control safety-critical devices (e.g., flight-control systems) or
economically-crucial systems (e.g., telephone switches).

Verification provides the means to ensure the correctness of the design of con-
current reactive systems. Verification means checking that a system description
conforms to its expected properties. These properties can range from several
forms of consistency to complex correctness requirements specified, for instance,
in a logical language. Verification is thus the tool that enables the designer to
be confident that the formal description of the system he/she has obtained does
indeed satisfy the problem requirements.

Note that ”verify” means to (mathematically) prove that a system meets its
correctness requirements. We specifically do not mean testing(unless it is exhaus-
tive) or any other method that ensures that the system is ”probably” correct. In
order to prove that a system conforms to a property, all possible behaviors of the
system have to be checked to determine if all of them are compatible with the
given property.

State space exploration is one of the most successful strategies for analyzing
and verifying finite state concurrent reactive systems. It consists in exploring a
global state graph representing the combined behavior of all concurrent compo-
nents in the system. This is done by recursively exploring all successor states of
all states encountered during the exploration, starting from a given initial state,
by executing all enabled transitions in each state. The state graph that is ex-
plored is called the state space of the system. If the state space is finite, it can
be explored completely. If not the methods developed in this thesis may help to
restrict the verification to a finite state space which is sufficient for the property

checked.



Many different types of properties of a system can be checked by exploring
its state space: deadlocks, dead code, violations of user-specified assertions, etc.
By the development of model-checking methods for various temporal logics(e.g.,
[CES86], [LP85], [QS91], [VWS86]) the range of properties that state space explo-
ration techniques can verify has been substantially broadened.

State space exploration is a simple strategy due to the easy, and efficient,
implementations. Moreover, verification by state space exploration is fully auto-
matic: no intervention of the designer is required. This is a crucial feature for a
verification technique to be used in the industry.

Many present verification tools like COSPAN[Kur94], SPIN[Hol91], SDT
[SDT95], ObjectGeode| GEO96], CAESAR[FGM*92] and POVSDL which we de-
veloped use state space exploration. These tools differ by the formal description
languages they use for representing systems and properties, and by the conforma-
tion criterion according to which these representations are compared. But all of
them are based on state space exploration algorithms for performing verification.

Size of the state space enormously increases when using state space explo-
ration verification techniques. Owing to simple combinatorics, the size can be
exponential in the size of the description of the system being analyzed. This
exponential growth is known as the state explosion problem.

The state explosion problem is due, among other causes, to the modeling of
concurrency by interleaving, in other words, to the exploration of all possible
interleavings of concurrent events. For instance, the execution of n concurrent

events is investigated by exploring all n! interleavings of these events.

1.2 Partial Order Methods

It is not a priori necessary to explore all interleavings of concurrent events for ver-
ification: interleavings corresponding to the same concurrent execution contain
similar information. Therefore one can thus hope to be able to verify properties
of a concurrent system without exploring all interleavings of its concurrent ex-

ecutions. In this thesis, we present a collection of methods, called partial order
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methods [Gai88, KP92, Pra86, Val90, God95], that make this possible.

The simple idea behind partial order methods is that concurrent executions
are really partial orders and that expanding such a partial order into the set of all
its interleavings is an inefficient way of analyzing concurrent executions. Instead,
concurrent events should be left unordered since the order of their occurrence is
not important. The methods we develop use an interleaving representation of par-
tial orders, but attempt to limit the expansion of each partial order computation
to just one of its interleavings, instead of all of them.

Precisely, given a property, partial order methods explore only a reduced part
of the global state space that is provably sufficient to check the given property.
The difference between the reduced and the global state spaces is that all inter-
leavings of concurrent events are not systematically represented in the reduced

one.

1.3 Overview

Most realistic system or software specified in a formal language such as SDL de-
fies simple verification techniques simply because of its size. Various techniques
to circumvent the complexity of large verification problems have been suggested,
some in terms of an informal understanding of the system (informal validation)
and others that exploit general and specific aspects of both the system and the
property to be verified in order to reduce the effective size of the original for-
mal verification problem. A class of such complexity relief techniques go under
the title of partial order methods. Based on the idea of trace equivalence sug-
gested by [Maz89], these methods reduce the search space in reachability analysis
by discarding a group of transitions at each state with the property that any
problematic (or desired) state can be reached by making use of the discarded
transitions if and only if it can be reached by avoiding them. In general, safety
verification problem can be reduced to that of deadlock checking and methods
for verifying a liveness property, though not identical to the safety properties, are

not far off so far as adopting the deadlock checking complexity relief techniques
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to liveness checking is concerned [Pel94]. This has motivated us to restrict our
concerns to deadlock checking only.

In this thesis our approach and results are specific to the structure of Speci-
fication and Description Language(SDL) which is a widely used formal descrip-
tion language especially in telecommunications industry. We apply the deadlock
checking problem using persistent sets [God95] to a class of automata called SSM
(SDL-like State Machine) derived from SDL programs. SSM has aspects that
are specific to the structure of the SDL language and consequently transition
elimination via persistent sets can be made more specific and efficient compared
to partial order methods suggested for general concurrent automata models. In-
deed this research grew out of concerns for tuning the verifier COSPAN [Kur94]
developed in Bell Labs to programs compiled from a subset of SDL into the in-
put language of COSPAN [Kur94|, namely S/R [Gla95]. It was then realized
that a general verifier for the automaton S/R using partial order methods misses
opportunities in complexity reduction unless some of the properties of the SDL
language are exploited in a systematic manner. This is where the contribution
of this thesis lies : applying the partial order approach to SDL programs by
first deriving a necessary and sufficient characterization of transition reduction in
terms of persistent sets for SDL programs and then by deriving an algorithm to
compute persistent sets based on a decidable version of this characterization.

In [TGH95] and [Tog95] the problem of incorporating partial order methods
to generate restricted number of simulations to be used for test case generation
have been investigated. We note that our method covers a larger subset of SDL
where FIFO discipline of input queues are violated. This condition can be shown
to violate the syntactic nature of transition independence as assumed in the cited
references. The reduction method called Condition Locking Simulation given in
[TGH95], is an application of a modified sleep set method given in [God95]. In
general the methods for the reductions used by the authors cannot easily be
compared to our method using persistent sets since both the purpose (reduced
executions vs. deadlock detection) and the models used (SDL exclusive of save

and priority inputs vs. inclusive version) in the approaches differ. The basic ideas
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presented in this thesis appeared in a technical report [SY97] on top of which the
theory has been expanded, several examples, explanatory materials and POVSDL
tool implementations have been added.

In the next section there is a brief introduction on SDL which captures the
basic functionalities of the language. In chapter III we first describe the formal-
ism called SSM which models the underlying transition system of a subset of SDL
by abstracting out the linguistic details of SDL that are useful for a user-friendly
specification environment but orthogonal to the analytical concerns used in ver-
ification. After the definition of SSM automaton and product SSMs we define
the concepts of independent transitions and persistent sets [God95] in an SSM
environment.

In chapter IV we state the basic result on the use of persistent sets for lo-
cating deadlocks by restricting the search space to a smaller size. In the second
section of chapter IV we apply the persistent set idea to SSM models correspond-
ing to a relatively simplified subset of SDL in which the FIFO discipline of input
queues are preserved. We state results that supply alternative and equivalent
characterizations of persistent sets in the context of SSM automata, first for in-
dividual input transitions then for output and input transitions combined. We
then present a decidable version of the persistency characterization for the latter
case which is only sufficient but effectively computable. Based on this decidable
version we present a recursive algorithm that computes a persistent set at each
global state that is minimal relative to the initial transition choice and the com-
putable sufficient condition. In the third section we extend the results of the
previous section to a larger SDL set that covers SDL primitives that override the
bounds of FIFO reading discipline from the input queues via save and priority
input constructs. In chapter V we explain the tool POVSDL that implements
the theory developed in this thesis. The tool consists of a series of modules like
scanner and parser for the input language of the tool and a main program imple-
menting the reduction algorithms. In what follows we report our experimental
results with real protocol examples one of which is ISDN Layer 2. The results are

impressive in the sense that a reduction of order of magnitude has been achieved
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for the state spaces generated compared to a conventional reachability analysis

and in the final chapter we discuss the ongoing work for future implementations.



CHAPTER 11

SDL

SDL (Specification and Description Language) is a formal language developed
and standardized by CCITT (now ITU-T) for unambiguous specification and
description of systems. SDL is mainly known in the telecommunication field,
however it can be used for specification of most of reactive and discrete systems
as well. The development of SDL began in early 1970’s. The latest version is
SDL’92 with improvements especially in the area of object orientation on the

previous version SDL’88.

In this chapter, an overview of SDL is given. The interested reader is re-
ferred to [OFMP*94], [FO93] as detailed references and to [SDL92| as the formal
standard definition of SDL’92.

SDL is used to describe the structure and behavior of systems. A system can
be described using one of two syntactic forms: The textual phrase representation
(SDL/PR) and the graphical representation (SDL/GR). Some constructs of SDL
have no graphical representation. These are described in textual form which is

common to SDL/PR and SDL/GR.

SDL provides different levels of abstraction for the specification of systems.
In the most abstract view, there is a system composed of blocks. Blocks are
connected to each other and to the environment by means of channels. Each block

may be composed of either other blocks or processes. Processes are connected to
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each other by means of signal-routes. Communication between the processes is
achieved by signals. The signals are transmitted via signal routes and channels.
The signals may have parameters to carry information. Communication by means
of sending signals is asynchronous.

The channels and signal-routes are defined in SDL as FIFO queues. A signal-
route is delay-free whereas a channel may be delay-free or it may have arbitrary
delay.

Each process has a certain behavior. The combined behavior of processes in
a system constitutes the behavior of the system. Processes in the system execute
independently and concurrently. Processes can be viewed as generalized forms of
finite state machines with some exceptions. The process body is a flow diagram
defining the states and transitions of the process. Each process has an infinite
input queue. The signals that are received from other processes are stored in
this queue until they are consumed (read). Some basic constructs in SDL for
the description of a process are: start, state, input, priority input, output and

nextstate.

O DL [ [

start state input priority input  output nextstate

Figure I1.1: Basic constructs for the description of a process

The start is the initial state of a process. An input is an acceptance of a signal
by a process at a certain state. It executes if the signal in the input symbol is
at the head of the process’s input queue. An input symbol connects a state to
the actions which the process shall take after consuming the signal mentioned
in the input symbol. These actions are among output, task, decision, procedure
call, create, nextstate. A nextstate symbol implies the end of a transition and
beginning of another state.

A process makes transitions between states according to the signals in front

of its queue. If a transition is not specified for a particular signal from a state
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and it is not in the save set of that state then it is implicitly consumed. It is
possible to save some signals at some states for future use. Signals which take
priority over other signals at a state are placed inside priority input symbols. If
a state has both ordinary inputs and priority inputs, the first signal in the input
queue mentioned in a priority input is consumed, even if it is not the first signal
in the input queue.

During the transitions, a process may create other process instances by the
create construct. There may be more than one instance of the same process.
Each process instance in the system has a unique identifier of the predefined
SDL type PId. The number of instances of a process to be created at system
initialization and the maximum number of instances that may exist at the same
time are specified by the user.

A process may send signals to other processes or to the environment by an
output transition. A signal may be sent to a specific process indicated by its PId.
If the name of the process is indicated instead of its PId then the signal is sent
to an arbitrary instance of the process. If no path is specified, an arbitrary path
is chosen among the possible ones.

Each process has its local variables. During the transitions, it may use and
change these variables by the use of task constructs.

SDL has a timer construct in order to describe time constraints in a specifi-
cation. Timers are defined within processes. A timer is set with an expiration
time by a process. When the time is reached, a signal with the same name as
the timer is inserted into the input queue of the process. The timer can be reset
by the process if it is no longer needed. If the timer is reset when its associated
signal is in the queue, then the signal is removed from the queue.

A process may also call procedures. SDL procedures are similar to the pro-
cedures in common programming languages. A procedure may have parameters.
The behavior of a procedure is defined in a similar way as the behavior of a pro-
cess, that is, with states and transitions. A procedure may call another procedure
or itself. When a procedure is called, the execution of the caller is suspended until

the termination of the procedure. A procedure may share the variables defined
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within the calling process.

It is possible to control the flow of execution in a process or procedure by
using decisions. A decision splits a transition into several possible branches. The
decision contains an expression and each branch contains a range for the result
of the expression. The ranges must not overlap. The flow of execution continues
with the branch whose associated range matches the result of the expression at
the time of decision. The any operator of SDL can also be used for branching. In
this case a branch is chosen arbitrarily which introduces nondeterminism in the
behavior.

A process can also be defined by means of SDL services. The whole process
behavior is the composition of the partial behaviors of services inside the process.
A service body is defined in the same way as a process body. The services of a
process share the input queue of the process. The input signal sets of services
should be disjoint. Services within the same process cannot make transitions
concurrently. According to the signal in the front of the input queue, one service
makes a transition and the others wait in a state.

A process can only be terminated by itself. If the process is defined by services
then the process terminates after all of its services terminate.

In SDL, there exists a predefined set of data types. In addition to these the
user can introduce new data types.

With the new features of SDL’92 in the area of object orientation, it is pos-
sible to define types of SDL entities such as system type, block type, process
type, service type. The SDL entities in a system can be constructed by using
these types. Types can be extended by inheriting another type and adding new
properties to it or redefining virtual properties of a type. SDL packages can be
defined which consist of several type definitions. These packages can be used in
different system specifications.

SDL’92 definition consists of the main recommendation text[SDL92] accom-
panied by a number of annexes. The main recommendation text is a complete
language reference manual. It contains the concrete textual grammar, concrete

graphical grammar and abstract grammar for SDL.’92. The concrete syntax is
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defined in extended Backus-Naur form (BNF) notation and the abstract syntax
is defined in Meta-IV language which is a proper part of the Vienna Development
Method (VDM)[WH93]. The semantics of SDL is described in informal language
in the main text. Annex F to the recommendation contains the precise and

detailed static and dynamic semantics of SDL’92 defined in Meta-IV language.
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CHAPTER III

SDL-LIKE STATE MACHINE (SSM)

In this chapter we define an automaton called SSM that models an SDL process.
SSM is, in general, an infinite state automaton since it retains the infinite input
queues of SDL. If SDL is restricted to a finite state version by having its input
queues bounded - as in the compiler from SDL to S/R [Gla95] - then SSM can
readily be made to inherit this property of bounded buffers. Since our concern in
this thesis is not the entire verification strategy but the specific form of persistent
sets for communicating SSM automata we shall assume that neither SDL nor its
simplified model SSM are restricted to finite automata. Although we explain the
mapping of SDL into SSM in terms of SDL without the data part, the results of
the thesis apply to the extended case. In next chapter we explain roughly how
our results can be applied to an SDL system incorporating data. But in any case,
we avoid the use of revealed /viewed variables which is not recommended even by
the authors of SDL for new system specifications, in an informal way through
[OFMP*94] although it is still a part of the language formally. For simplicity of
an initial exposure the treatment in this chapter ignores SDL constructs such as
save and priority inputs that violate the FIFO principle. This is generalized in
the next chapter. In section II1.2 of this chapter we will give the definition of
independency of transitions and definition of traces. These will help us to find

equivalent transition sequences and in the next chapter this background will help

13



us to model partial order methods.

II1.1 SSM

An SSM automaton P is a quadruple P = (X, M, T, x,) where

1. X = C x (@Q is the state set where the finite set C' is called the control point
component and ¢ = M} is an unbounded queue component of received
messages the members of which belong to a finite set M,. We use the

notation z. and z, to refer to the components of the state x.

2. M = (M, UM_) is a finite set of messages that P can receive and send

respectively.

3. T C X x M x X is a set of transitions. We use the notation z =% z' to mean
t = (x,m,z") € T where, in addition we let pre(t) = z, post(t) = z’ and
sig(t) = m to denote the source and target states and the message content
of a transition ¢. By a slight abuse of notation we shall also write x Ly o
for a transition ¢ instead of x = 2’ whenever the contents m = sig(t) of the

message is not of any concern.
4. xy € X is the initial state of P.

We next explain the semantic constraints of the transition structure of an SSM
arising from the corresponding constraints of SDL and then define product of
SSM automata where SDL communication takes place via message exchanges.
For this we first describe the transition structure 7" of an SSM automaton.

The transition set 7" is composed of three types of transitions denoted by sets
of receiving transitions T, reading transitions T™® and output transitions T°U.
Therefore we can express the set T in terms of the set union 7 = T"¢UT *UT,
We explain the generic constraints associated with each kind of transition below.

) t=(z,m,2') € T iff 2. = x,, ¥, = xgom and m € M,

(

(2) t = (x,m, ') € T™ implies that z, = m.z, and m € M,,

(3) t = (z,m,a') € T° implies that 2| = z, and m € M_ and
t

"

= (y,m,y’) € T° for any y subject to y. = z..
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In addition to the transition constraints above the following two additional SDL -
induced constraints related to deterministic input and output behaviour prevail:
(a) If (z,m,y), (z',m,y') € T™ and x, = x, then y’ = y, (strict input

determinism of SDL).

(b) If (z,m, y), (z',m',y") € T°* and . = x, then m' = m and y.. = y.
(strict output determinism of SDL).

It is clear from (3) and (b) above that at a control point of output transition there
cannot be any other transition. As a suggestive notation we write —m or +m to
mean m € M_ or m € M, respectively. Following the usual convention we extend
the notation for one-step transitions to its transitive closure and write z = z'
where s € M* denotes a multi-step transition composed of any combination of
transitions.

Finally we explain the composition of SSM automata or processes !. The
only manner in which individual SSM processes synchronize is when an output
transition in T2 of a process P; synchronizes with a receiving transition in Tje
of another process P;. In order to specify in SSM notation those outputs and
inputs that synchronize we let receiver(sig(t)) denote the (integer) index of the
process that receives the signal sig(t) of an output transition ¢ at the instance it
is output by a process. Although it is possible to model the channel routing non-
determinacy of SDL communication in an SSM environment, we shall nevertheless
assume that the destination address of every output operation is deterministic.

The product automaton composed of individual (single input queue) SSM
automata is not an SSM automaton since it has multiple queues. Formally if the
individual SSM automata are P; = (X;, M;, T;, xo;) then P := P; X ... x P, :=
(G, M, T, go) where G = (X; x ... x X)), M :=U;—1,,M;, T C G x M x G and
xo := (Zo1,-..,Ton) € G where T is defined to be the smallest set that satisfies
the conditions below.

(i) If (gld], +mi, g'li]) € T7 then (g,+my, g') € T, where ¢'[j] = g[J]
whenever j # 17, that is, every local input reading transition is also a

global transition where the remaining processes do not change states,
(i) If (g[i], —mq, ¢'[i]) € TP and k = receiver(—m;) then (g, —m;, ¢') €

1 We use the terminology automaton and process in an interchangable manner.
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T where g [k] = g.[k], g;lk] = g4[k]. — mi and ¢'[j] = g[j] whenever
j# ik

The definition of global transition above implies that every global transition is
based on an input or output local transition. We shall call this local transition
the local version of the global transition. Conversely corresponding to every input
or output local transition there is a global transition that is enabled at any global
state which is consistent - i.e., in conformity with the definition above - with
the local state that defines the local transition. We shall often refer to a global
transition defined at a global state g as the global version of the local transition
t. By an abuse of notation we may use ¢ to denote both the local and global
versions of a transition.

We say that a transition ¢ - more precisely the global version of a local tran-
sition ¢ - is enabled at g if there exists ¢’ where g % ¢'. We write g¥ — ¢! if there
exists a transition ¢ such that ¢* N ¢'. Let —* denote the reflexive and transitive
closure of the relation —. A state ¢’ is reachable from a state g iff ¢ —* ¢’. The
global reachability set of composed SSMs is the set of all states reachable from
the initial state go.

It should be clear to the reader by now that, an output statement in SDL
will be represented by an SSM transition in 7°% together with its synchronizing
counterpart SSM transition in 77¢, and an input statement in SDL will correspond
to an SSM transition in 77, Later in this thesis, we enlarge the SDL subset
handled, and therefore add new features to SSM model. The new SDL constructs

added will correspond, in a similar direct way, to the new features added to SSM.

II1.2 Independency and Traces

Definition 1 Two local transitions t; and ty are said to be independent at a

global state g iff their global versions are both enabled at g and

1. ¢ 12N g', then ty is enabled in ¢ and vice-versa when t; and ty are inter-

changed (independent transitions cannot disable each other)
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2. there exists a unique state g' such that g il g and g f2ls g' (commutativity

of independent transitions)
Remark 1 [t can be easily seen that for all global states g :

1. Enabled local transitionst = (g[i], +m, ¢'[i]) € Tr® and t' = (g[j], +m', g"[J]) €

T7* for i # j are independent at g .

2. Enabled local transitions t = (g[i], +m, ¢'[i]) € T/¢ and t' = (g[j], —m/', ¢"[j]) €

T¢** are independent at g.

3. Enabled local transitionst = (g[i], —m, ¢'[i]) € T andt' = (g[j], —m', ¢"[j]) €
T]f’“t fori # j are independent at g if and only if receiver(—m) # receiver(—m')
, i.e. two output transitions are independent iff they send messages to dif-

ferent processes.

Following the work of Mazurkiewicz [Maz89], one can use the notion of inde-
pendent transitions to define an equivalence relation on sequences of transitions:
two sequences of transitions are equivalent if they can be obtained from each other
by successively permuting adjacent independent transitions. Thus, given a valid
dependency relation, sequences of transitions can be grouped into equivalence
classes which Mazurkiewicz calls traces which are formally defined as follows

[Maz89).

Definition 2 A concurrent alphabet is a pair A = (T, D) where T is a finite set
of transitions, called the alphabet of A, and where D is a binary, reflexive, and

symmetric relation on T called the dependency in A.
The relation I, = T?\D represents the independency in A.

Definition 3 Let A = (T, D) be a concurrent alphabet, let T* represent the set
of all finite sequences (words) of symbols in T, let - stand for the concatenation
operation, and let € denote the empty word. We define the relation =, as the

least congruence in the monoid [T*;-; €] such that
(tl,tg) c I/\ = t1lo =A Totq
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The relation =, is referred to as the trace equivalence over A. [T*;-;€| is a
monoid in which the concatenation operation - may be commutative for some
pairs of different elements. It is sometimes called a free partially commutative

monoid over 7.
Definition 4 Fquivalance classes of =, are called traces over A.

The trace containing a sequence of transitions w will be denoted [w](r,p)y or
[w] for short when there is no ambiguity. A trace is fully characterized by one of
its sequences w and a concurrent alphabet A = (T, D): by successively permuting
adjacent independent transitions in w, one can obtain all the other sequences in

[w]. The proof of the following theorem is simple and can be found in[God95].

Theorem 1 Let g be a state in Ag. If ¢ = ¢1 and g = g5 in Ag, and if

[w1]=[we], then g1=go.

It is important to notice that certain transitions (i.e. which are independent)
constitute equivalent transition sequences which are traces. The above definitions
and theorems about independency of transitions and traces will be the building

blocks of our partial order methodology developed in the next chapter.
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CHAPTER IV

REDUCED SSM BY PERSISTENT SETS

In this chapter we define the concepts that eventually lead to a complexity relief
result used for restricting the state space. We start with the definition of per-
sistent sets by the help of which we will show that at a global state of a system
it will suffice to find deadlocks if we move only with the transitions taken from
persistent sets. We will apply the persistent set idea to a basic case which covers
a subset of SDL, then we will apply the idea to an extended case which includes
priority and save signal concepts of SDL. A sufficient algorithm will be given to
find persistent sets. We will finally explain how we can handle data in SDL by
the methodologies developed.

IV.1 Persistent Sets

The usual way to check the existence of deadlocks is to generate the set of reach-
able states. The complexity problem of reachability analysis is caused by the
size of the search space. The idea in partial order methods is to restrict the size
of the search space by the elimination of redundant and excessive interleaving
possibilities of component process transitions. This is captured in the definition

of persistent sets [God95| defined below.

Definition 5 (Persistent sets) A set T of transitions enabled at a global state

g 1s said to be persistent at g iff for all non-empty sequence of transitions of the
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Initialize: Stack isempty; Hash table H is empty;
push(s,) onto Stack;
Loop : while Stack is not empty do{
pop (s) from Stack;
if sisNOT aready in H then {
enter sin H;
T= Persistent_Set(s);
foral tinT do{
s =successor(s) after t; /*t is executed*/
push(s') onto Stack;

) }

}

Figure IV.1: State space generation with Persistent set

form
t! t
9=91 = 92...-9n — On+1

with t* ¢ T, t" is independent with all the transitions in T at state gn,.

Intuitively, a subset 7" of the set of transitions enabled in a state g of product
automaton Ag is called persistent in g if all transitions not in 7" that are enabled in
g, or in a state reachable from g through transitions not in 7", are independent with
all transitions in 7. In other words, whatever one does from g while remaining
outside of T', does not interact with or affect 7. Note that the set of all enabled
transitions in a state g is trivially persistent since nothing is reachable from g by
transitions that are not in this set.

Let T, be persistent sets defined at every reachable state g of the product
automaton Ag and let the automaton Ar be the reduced automaton obtained
from Ag by deleting all the transitions ¢ € T, at each state g. Agr can be
obtained by the algorithm illustrated in Figure IV.1 with a depth first search.
The algorithm recursively explores all successor states of all states encountered
during the search, starting from the initial state, by executing all elements of
persistent set in each state. The main data structures used are a ’Stack’ to store
the states whose successors still have to be explored, and a hash table '"H’ to
store all the states that have already been visited during the search. The set of

all transitions that are persistent in a state ’s’ is denoted by 'Persistent_Set(s)’.
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The state reached from a state ’s’ after the execution of a transition ’t’ is denoted

’successor(s) after t’.

Lemma 1 Let g be a state in Ag, and let d be a deadlock reachable from g in Ag
by a nonempty sequence w of transitions. For all w; € (w4, let t; denote the first
transition of w;. Let Persistent_Set(gq) be a nonempty persistent set in g. Then, at

least one of the transitions t; is in Persistent_Set(qg).

Proof of Lemma:

Let the sequence w of transitions be 1ty ...t,, and let ¢ = ¢; b, go ty g3 ... fny
In s d be the sequence of states it goes through in Ag. Assume first that none
of the transitions in w are in Persistent_Set(g). Then, by persistent set definition,
for all transitions ¢;, 1 < j < n, t; is independent in g; with all transitions in
Persistent_Set(g). Thus, by definition of independent transitions, all transitions
in Persistent_Set(g) remain enabled in all states g;, 1 < j < n, and in d, which
hence cannot be a deadlock. Thus, some transition of the sequence w from g to
d must be in Persistent_Set(g).

Let thus ¢; be the first transition in w that is in Persistent_Set(g) and let '
be the sequence txt; ... tx_1tky1 - .- tp, i.€., the sequence w where the transition ¢
is moved to the first position. By definition of persistent sets, we have that for
all 1 < j < k, t; is independent with ¢; in g;. Consequently, by definition of a

trace, w' € [w]y, and the lemma is proved. QED

Theorem 2 Let g be a state in Ag, and let d be a deadlock reachable from g in

Ag by a sequence w of transitions. Then, d is also reachable from g in Ag.

Proof of Theorem :

The proof proceeds by induction on the length of w. For |w| = 0, the result is

immediate. Now, assume the theorem holds for paths (sequences of transitions)

of length n > 0 and let us prove that it holds for paths w of length n + 1.
Assume a deadlock d can be reached from a state g by a path w of length

n+1in Ag. For all w; € [w],, let ¢; denote the first transition of w;. Let Persis-

tent_Set(g) be the nonempty persistent set that is selected in g by the algorithm
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of Figure(IV.1) i.e., the set of transitions that are explored from ¢ in Ag. From
Lemma (1), we know that at least one of the transitions ¢; is in Persistent_Set(g).
Since ¢; is in Persistent_Set(g), it is explored from state g and a state from which
a path of length n leads to the deadlock d is reached in Ag. This together with

the inductive hypothesis proves the theorem. QFED

From the theorem above it is then immediate to conclude that a persistent
set selective search started in the initial state of Ag will explore all deadlocks in
Ag.

In verifying SDL programs two distinct but related concepts are involved. The
first is a straightforward SDL deadlock where each process halts at an input state
and either the queues are empty or contents are in the save lists. The second
is what is known as unspecified reception where an unexpected message lies at
the head of the queue. Commercial verifiers detect such unspecified reception
situations as well as deadlocks. In SSM terms the latter can be modeled as a
straight deadlock or if it is to be ignored, self looping read statements can be
inserted to consume unspecified messages at the head of the queues in conformity

with the semantics of SDL.

IV.2 The Basic Case

IV.2.1 Reduction theorems

A global state where there exists at least one enabled input read transition has
the attractive property that any one of these enabled input read transitions can

be used as a (singleton) persistent set at that state. The related theorem follows.

Theorem 3 (Read-first principle) FEvery input read transition t € T enabled

at a global state g is a singleton persistent set at g.

Proof of Theorem:
Suppose thet T is not persistent in g. Thus, by definition of persistent sets, there

1 n
exists in Ag a sequence g = ¢! 5 ¢2... g" 5 ¢! of transitions t,...,t" ¢ T,
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Figure IV.2: Reachable states generated with two methods

such that ¢" is is dependent in ¢" with transition ¢ € T. Consider the shortest
such a sequence. For this sequence, not only ¢" is dependent in ¢" with transition
t € T, but also, for all 1 < i < n, t* is independent in ¢* with transition in
T. Let us show that such a sequence can not exist. From the remark following
the definition of inependency of transitions it is clear that there cannot be any

transition that is dependent with ¢ in g. Hence the theorem is proved. QFED

Figure IV.2 shows Ag and Apg respectively for a system of two processes one
continuously sending a signal ¢ to the other and the other is always consuming
the signal c. It is clear that A is infinite whereas A has only two states. The
above theorem tells us that at a global SSM state if we have a process that can
read a signal from its input queue, then we can expand the reachability tree with
this transition and ignore all the other enabled transitions. We now generalize
computation of persistent sets to incorporate cases other than singleton input
transition sets. Such a computation becomes essential if no component of the
global state is at an input reading state with a non-empty queue. We start by

stating a theorem on equivalent characterization of persistent sets for an SSM

model P.
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Theorem 4 Let g be a global state of the system P, let O and I be the index
sets of those processes that are at their output states and their input states with
non-empty queuves at the global state g. Let O' C O and I' C I. Then the set of
transitions T := {t;}jeruo is a persistent set at the global state g if and only if
condition C'1 below holds :

Condition C1 :
For every sequence of transitions starting from g, that is,
tm

1
g=g' L g... g 5 gt (IV.1)
subject to the constraint that " ¢ T for alln = 1,...,m, if k :=
receiver(sig(t;)) for some j € O’ then none of the transitions " is
based on a receiving input transition 77¢, that is, no new message is
added to the input queue of the process P;.
Proof of Theorem :
Suppose that condition C'1 above is violated. Then there exists a sequence of
executions given by (IV.1) subject to the constraint that the transitions ¢" are not
in T such that g/**'[k] = g}*[k].sig(t™) where j € O" and k = receiver(sig(t;)).

But then persistency of 7" is violated since ¢; € T and ¢™ are not independent at
the global state g™ since g™ Ty g, 9™ A g" where g,[k] = g;'[k].sig(t™).sig(t;)
whereas g;[k] = g7'[k].sig(t;).sig(t™) proving that ¢' # g".

Conversely suppose that T is not a persistent set. Then by definition there is an
execution sequence given by (IV.1) with ¢" ¢ T for n = 1,...,m , such that ¢,
and t™ are dependent (not independent) at ¢g"™. By the remark following the def-
inition of independency of transitions and the fact that ¢; is an output transition
the only manner in which dependency can occur is when either both ¢™ and ¢; are
output transitions to a common process, namely P, where k := receiver(sig(t;))
; or t™ is an input transition of process P, with an empty queue at ¢™. The sec-
ond possibility is void since the input transition ¢”* cannot occur with an empty

queue at g". On the other hand the first possibility clearly violates C'1 since t™
adds a message to the queue of the process P,. QED

The theorem above has limited utility since checking whether C'1 holds or

not is, in general, an undecidable problem due to the infinite queues occurring in
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SSM. Even if we restrict the queue sizes of SDL processes - hence their models in
SSM - to finite lengths, the complexity of checking C'1 may well be unacceptable.
Therefore we need a simpler condition to replace C'1 at the expense of losing its

necessity.

IV.2.2 Algorithm

Assume that the definitions of global state g and the indexset O' C O and I' C I
are as in the statement of the theorem above. We define a directed graph Gr
derived from the system P such that nodes of Gr are processes of P and there
is an arc from process P, to P, if there is an output transition of process Py
that sends a message to the input queue of P,. Let K(O') be the index set of
those processes that receive the output messages of processes P; with j € O' at
the global state g. The following theorem characterizes a sufficient condition for

condition C1 to hold.

Theorem 5 Suppose that in the graph Gr above there does not exist a path that
starts at a node in P, with m € (I\I')U(O\O") and ends at any process Py where
k € K(O'") and none of the nodes other than possibly the first and the last ones
of the path have process indices in I U O. Under these conditions the condition

C1 of Theorem 4 is valid.

Proof of Theorem :

We prove the desired result by contradiction. Hence assume that C'1 does not
hold. Then there exists an execution sequence starting from the global state g
and with the properties given in C'1. Since C'1 is violated, without loss of general-
ity, we take the last transition ¢ as an output transition sending a message into
the input queue of a process with an index, say k, in K(O'). Since by assump-
tion each transition ¢/ is not in T there are two possibilities : ¢™ is an output
transition of a process with an index, say p, in (I \ I') U (O \ O') in which case
we are done since the condition of the theorem is violated by existence of the
path from P, to P facilitated by the output transition ¢t™ of P,; or the index p
of the process that generates the transition ¢™ is not in (I \ I') U (O \ O') and
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thus it is also not in I U O by the assumption that ™ ¢ T. Therefore it must
be an output transition of a process P, which was at a local input state with its
input queue empty at the starting state g. Let n be the largest index value for
which the transition ¢" is an output transition of a process Py sending an input
message to the input queue of the process F,. That such a transition ¢ must
occur follows from the fact that unless input queue of P, is filled with a signal
it cannot progress and generate the transition ¢”. We apply the same argument
used for P, to the process P, etc., which eventually generates a path starting
from a process with index in (I \ I') U (O \ O') and ending at a process with an
index in K(O'). Clearly this violates the condition given by the theorem which
proves the desired result. QED

The algorithm for generating persistent sets relies on the proof of Theorem 5.
We start from any single member of the index set O for the set O' U I' at a
global state g and check the condition given by Theorem 5 ! . The convergence
of the algorithm and the minimality property of the persistent set relative to the

condition of Theorem 5 is obvious and will not be elaborated any further.

Algorithm 1

Step 1. Choose I' = () and O’ any singleton subset of O.

Step 2. Check conditions of Theorem 5 with current values of I’ and O'. If
satisfied stop, index set I' U Q' corresponds to a persistent set. Else go to step 3.
Step 3. For each distinct path in Gr violating Theorem 5 add the index of its

source node to I’ or O' whichever the case may be and go to step 2.

IV.3 Extensions

The results of the previous section are now generalized to a larger subset of SDL.

This subset incorporates the save primitive and more importantly it covers the

1 Note that if we choose the initial value of O’ empty and I' a singleton set then the

algorithm will immediately return {¢; | ¢« € I'} as a persistent set by virtue of Theorem 3.
Hence there is no point in starting from a process index at an input state.
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priority input construct of SDL.

There are two modifications that must take place after the extension of SDL
with these primitives. The first one involves the necessary changes that must be
made in the SSM model of an SDL process. The second one is more complex and
it involves the new characterization of persistent sets under priority inputs.

Both the save primitive and priority inputs induce a new discipline in reading
from the input queues of a process violating the FIFO (first-in-first-out) principle.
For this we modify the local state g.[i] at a global state g by associating with
it two sets of input messages that are subsets of M;, called the save subset
(denoted save(g.[i])) and the priority subset (denoted prior(g.[i])). In terms of
this artifact the rules for global transitions remain intact. The only modification
for local transitions is for the read transitions in 77¢, which has to be modified

in the way expressed below.
(1) t = (x,m,2') € T™ and m ¢ prior(x.) implies that

zy=Ym.Y',
r, =YY’
Y] C save(z.),
m ¢ save(x.),
mée My,
prior(z.) N [xg] =0

(IV.2)

(2) t = (x,m,2') € T™ and m € prior(x.) implies that

zg=Ym.Y',
T, =YY
Y] N prior(z.) = 0, (IV.3)
m & save(x.),
m e M.,
where Y and Y’ denote queues and [Y] denotes the message contents of a queue
Y. Independency of transitions and persistent set characterization are not af-

fected by the inclusion of save construct. The following concept turns out to be

instrumental in persistent set characterization when priority inputs are present.

Definition 6 Let g be a global state, then an enabled transition t at g is called a

priority pre-empting transition relative to a process Py if t is an output transition
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of some component process, k = receiver(sig(t)), sig(t) € prior(g.[k]) and the
input queue g,k] is nonempty and has no priority signals (messages) that are

members of the set prior(g.[k]).

Observe that whenever a priority pre-empting transition occurs at a global state g
the receiving process P, cannot read the non-priority signal contents of its queue
after the event of receiving the priority signal whereas it could read them before
the event. This implies that the transitions ¢ and ¢, of reading a non-priority
signal by Py are dependent since t;.t can occur but the converse sequence .t
cannot occur. This simple observation is the basis of the additional complications
occurring for the extended case as expressed by the counter-parts of the theorems

3 and 4 of the previous section.

Remark 2 The statements made by Remark 1 remain true except for the case
corresponding to the independence of an output and an input event given by IV.3
which should now read as : the local transitions t = (g[i], +m, ¢'[i]) € Tr? and
t' = (glj], —=m', ¢'lj]) € T{™ are independent at g provided that t' is not a pre-

empting transition at g relative to P;.

IV.3.1 Reduction theorems

The first change comes with the input singleton persistent sets. We omit the

proof since it is similar to the proof of Theorem 3.

Theorem 6 Let g be a global set and t be an input read transition based on a
local transition (g[i], sig(t), ¢'[i]) € Tr® enabled at g with the property that either
prior(g.[i]) = 0 or sig(t) € prior(g.[i]). Then the singleton set {t} is a persistent

set.

Next we present the counter-part of Theorem 4 for the extended case. Let g be
a global state and let O, and J denote the process index sets corresponding
to the processes at their corresponding local output states ; at their local input

states with non-empty priority sets and non-empty input queues with no messages
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Figure IV.3: O,I and J type processes

respectively. Figure IV.3 makes clear O,I and J type processes.

Theorem 7 Let O' C O ,I' C I and J' C J . Define the set of transitions
T = {t;};jeorurus where if j € O', t; denotes the unique output transition and if
j € I'UJ', t; denotes the unique input transition dictated by the head of the input

queue of the process P;. The set T is a persistent set if and only if the condition

C?2 below holds :

Condition C2:

Given any execution sequence

g=g i gt... g™ LN g™t (IV.4)

subject to the constraint that t* ¢ T forallp=1,...,m:
(1) A transition ¢; with j € O' is not a priority pre-empting transition
at some g? relative to a process P; with i ¢ O'UI' U J',
(2) A transition #* is not a priority pre-empting transition at g” rela-
tive to a process P; with i € I',
(3) If

K(O') := {receiver(sig(t;)) | j € O} (IV.5)
then no new message is added to the input queue of P, via any of the
transitions t” where k € K(O').

Proof of Theorem :

Suppose that condition C?2 is violated. Then there exists an execution sequence

given by (IV.4) and three possibilities exist :

(i) Item (1) of C2 is violated. Then the associated output transition ¢, for some
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j € O' is priority pre-empting at some ¢” relative to a process P; where i ¢
O'UI' U.J'. But by the remark following the definition of a priority pre-empting
transition this implies that ¢; is not independent with the input transition ¢' of
P; at gP. This clearly violates the definition of persistency of T' since t; € T and
t'e¢T.

(ii) Item (2) in C2 is violated. Then #? is a priority pre-empting transition at g?
relative to some P; with 7 € I'. Similar to the previous case this implies that the
input transition ¢ € T of P; and t? ¢ T are dependent and therefore T is not a
persistent set.

(iii) Item (3) of C2 is violated. Then the proof follows the identical argument to
the first part of proof of Theorem 4 and will not be repeated.

Conversely suppose that T' is not a persistent set. Then there exists an execution
sequence given by (IV.4) where ¢™ is dependent on some t; € T at ¢g™. We
investigate the nature of this dependency case by case.

Case 1. Both t™ and ¢; are output transitions. Then dependency can only occur
when k := receiver(sig(t™)) = receiver(sig(t;)) which implies that item (3) of
C2 is violated since g7"*'[k] = g"[k].sig(t™).

Case 2. t™ is an input transition and ¢; is an output transition. Then by Remark
2 dependency can occur iff ¢; is a priority pre-empting transition at g™ relative
to the process executing the input transition ™. This clearly violates item (1) of
C2.

Case 3. t™ is an output transition whereas ¢; is an input transition. Again by
Remark 2 dependency can occur iff ¢ is a priority pre-empting transition relative
to P; which violates item (2) of C2.

Case 4. Both t™ and ¢; are input transitions. This is not possible since two input
transitions of two distinct processes are always independent and since t"™ ¢ T

and ¢; € T these input transitions indeed belong to distinct processes.

This completes the proof of the theorem. QFED
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IV.3.2 Algorithm

In order to give a decidable version of C'2 we again make use the graph Gr given

in the previous section.

Theorem 8 Suppose that there does not exist a path in Gr that starts from any
P; with i € (O\O"YU(I\I")U(J\J') with all the intermediate nodes with indices
not in O UIT U J and the final node is P; where either :

(i) j € K(O'") where K(O') is given by the expression (IV.5) or ;

(it) j € I' and the process just before P; on the path has an output transition
t with sig(t) € prior(g.[j]) or;

(1) 5 & O'UI'"U J', P; has an input state with a non-empty priority set
including sig(ty) for some k € O,
then condition (C2) of Theorem 7 is satisfied.

Proof of Theorem:

We prove the assertion by contradiction. Suppose that C2 is violated, then there
exists an execution sequence given by (IV.4) which violates at least one of the 3
items of C2.

If item (1) is violated then some ¢; is priority pre-empting at some state gP relative
to a process P; with j ¢ O"U I' U J'. This clearly violates hypothesis (iii) of the
Theorem. Suppose now that the sequence violates item (2). Then some output
transition ¢* in this sequence is priority pre-empting at ¢g” relative to some P; with
i € I'. If Py is the process generating the output transition then by definition
there is an arc from Py to P; in Gr and if k € (O\O")U(I\I")U(J\J') we are done
since (ii) of the hypothesis is violated. If not it must be the case that £ ¢ OUTUJ
hence it corresponds to a process at an input state and with an empty input queue
at the beginning global state g of the execution sequence. Therefore there must
exist a largest index n < p for which receiver(sig(t™)) = k for otherwise Py, could
not have executed tP at a later stage without moving away from its input state
with an empty queue. Applying the same argument used for Py to the process

generating t" we move backwards in the graph Gr via intermediate nodes until
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we necessarily end up in a process with an index in (O \ O ) U (I \I') U (J\ J').
This implies the violation of the hypothesis (ii) of the theorem which proves the
desired result when item (2) is violated. The proof of the case where item (3) is

violated follows the same logic for the case when (2) is violated hence the details

are omitted. QED

Now we can give another proof for the read first principle.

Corollary 1 (Read-first principle) Let g be a global state and let P; be a pro-
cess with the property that its local state g[i] is an input state where g,[i] # 0 and
either prior(g.[i]) = O or prior(g.[i]) N [g4[]] # 0. Then {t;} is a persistent set,

where t; is the unique input transition of P; .

Proof of Corollary :

By definition ¢ € J, hence take O' = I' = () and J' = {i}. Clearly no path can
violate the conditions (i) and (ii) of Theorem 8 since it cannot terminate at a
process with index in I’ U K(O') = (. On the other hand (iii) also cannot be
violated since O' = () which implies the desired result. QED

The statement and the proof of Theorem 8 is the guideline for the algorithm
that generates a minimal persistent set at a global state g. After we select an
arbitrary process with an index in OUI 2 to initialize we check condition (i) of the
Theorem 8. For each path that violates one of the three conditions of Theorem 8
we add the index of the source node to the set O’ U I' U J'. The algorithm is

formally presented below.

Algorithm 2
Step 1. Let O’ UI' = {j0} for some j0 € O U T and take J' = ),

Step 2. If the condition of Theorem 8 is satisfied, stop. Else go to step 3.

2 As in the previous case starting at an index in J will terminate the algorithm in a single
step by virtue of Theorem 6 or Corollary 1.
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Figure IV.4: An example SDL system

Step 3. For each path violating Theorem 8 update O', I’ or J' depending on

the classification of the source node and go to step 2.

Note that the set returned by algorithm satisfies the requirements of Theorem
8 and it has the property that no proper subset of it which includes the initial
index j0 can be proved to be a persistent set using Theorem 8. Therefore the
algorithm returns a minimal persistent set in this sense. It is clear that in the
worst case all the transitions are dependent with each other, the algorithm re-
duces to a conventional reachability analysis case where A becomes Ag and no
reduction is obtained. In the best case all the transitions are independent then
the algorithm will always select a single element into the persistent set so only
one interleaving will be generated for n transitions instead of n!.

Figure IV.4 is an example to illustrate the theory developed until now. The
present global state of the whole system is the local states denoted by black circles
of each process together with queue contents. It is obvious that at the present
global state the enabled transition of process 4 which is a signal consumption event,

is an enabled transition and it is a persistent set. We execute this transition then
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to find the persistent set at the next global state we need to use Algorithm 2 above
because there is no process which has an enabled priority signal consumption
event or a single enabled signal consumption event without any disabled priority
signal consumption event at the same state of the process.

Let us begin the first iteration of the algorithm 2 with O' = {7} and I' = (.
There exist paths starting from processes P, and P, and ending at Ps where
K(0O") = {5} so violating case (i) of Theorem 8 therefore O’ = O' U {1,2} =
{1,2,7}. Process 5 is not an element of the process set composed of I' and
O'" and we can find a zero length path starting from this process and ending
at this process such that 7 € O' can send signal G which is in the priority
set of process 5 at this global state, so violating case (iii) of Theorem 8 and
I' = {5}. In the second iteration of the algorithm K(O') = {3,5} but we can
not find any processes violating case 1, 2 or 3 of the theorem so we are done and

P=1{1,270{5) ={1,2,5,7}.

IV.4 Further SDL Constructs : Variables and Transition

Atomicity

We can deal with an SDL system having variables in two different ways. The
first is the method of data flattening. In this approach, we augment each global
state with the current values of the variables existing in the system. We also
need to add the notion of invisible transition into SSM to be used to model
assignment statements and the notion of guarded transitions to be used together
with invisible transitions in order to model the decision statements. Then, the
results explained until now are still valid. One must consider a process whose
next transition is an invisible transition as a J process when one wants to use
Theorem 8. The corollary 1 in this case will also yield another principle, namely
invisible first.

The second way of tackling variables is data abstraction. In this approach, we
remove all the data related parts from the system and introduce non-determinism

into our model to represent decision statements. In other words, we modify the
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system as follows: For each assignment statement, we consider as if the statement
were not present and the statements above and below of the assignment are
directly connected to each other. Each decision box is also removed, and it is
thought that, the symbol above the decision box has more than one successor,
one for each alternative that the decision box has. Then, we apply our results
almost in the same way, except that the definition of K(O') given in IV.5 is
changed accordingly since a process may have more than one outputs enabled
at a given state. Also the introduction of NONE input construct of SDL has a
little complication on theorems that is: if a process chosen by Algorithm 2 has a
NONE input at that state then that NONE transition will also be included in the
persistent set. So instead of a process having more than one output transition at
the state where decision box is removed, we can have as much NONE transitions
at that state as that of the branches of the decision box and following each of
these transitions are the transitions in each branch of the decision box. One must
notice that, a logical error detected when using this approach does not mean that
the original design has the same error. But, if the system after this modification
is error free, then the original system is error free.

Each SDL timer has been modeled as an SDL process which sends a timer
signal whenever a timer setting signal is received from a process and then non
deterministically either sends the timer signal to the process sending the timer
setting signal or returns to the initial state if a reset timer signal is received from
the process.

Throughout the thesis we assumed the atomicity of input and output state-
ments. It is not difficult to adopt our results to an SDL semantic model in which
SDL transitions from an SDL state to another are thought to be atomic. We need
to modify the SSM formalism so that an SSM transition can represent an input
action followed by (possibly empty) list of output actions. In such a model, we
will no further have process of type O at a global state. All processes are either
of type I or J. We can still select a subset of processes I' U J' in this case and
prove a theorem similar to Theorem 8. The major difference will be the notion

of receiver processes (K(O') in Theorem 8). One must consider all the output
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statements present in the transition to form the set of processes that will receive

signals by the execution of a transition.
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CHAPTER V

EXPERIMENTS

We have implemented the theory developed in this thesis in a software tool named
POVSDL. This tool can either make a conventional reachability analysis or a re-
duced reachability analysis using the algorithms developed in the previous chap-
ter. POVSDL is composed of a series of software modules including a parser
for input language of POVSDL which implements SSM. We will first explain
the POVSDL tool then will come the experimental results with a series of real

protocols including ISDN Layer 2 protocol.

V.1 POVSDL tool

The tool POVSDL (Partial Order Verifier for SDL) was developed to implement
the reduction strategies using the methods presented in this thesis, POVSDL
also has a conventional reachability analysis option to compare the reduction
we can have. An input to POVSDL is a syntactic description of an SSM. The
COCKTAIL [GE90, Gro92b] toolbox is used for the scanner and parser stages.
The specifications of lexical analyzer(scanner) and parser for the input language
of POVSDL are presented in Appendix A and Appendix B respectively. Next we
will give some brief information about the scanner and parser tools, after which

we will illustrate the software developed.
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V.1.1 Scanner and Parser

COCKTAIL is a compiler construction toolbox that contains a set of tools sup-
porting the construction of almost every phase of a compiler.
The COCKTAIL tools used for POVSDL tool are designed to work in UNIX

operating system. These tools are:

REX [Gro92a] Lexical analyzer (scanner) generator

LALR [GV92, Gro88] LALR(1) parser generator
The tools are able to generate modules both in C and Modula-2 programming

languages. The generated modules need to be compiled and linked by a C or
Modula-2 compiler to generate an executable module.

The COCKTAIL tools have specific input languages. In addition, in almost
all the tools semantic actions should be specified either in the implementation
language for the generated module, that is C or Modula-2, or in a language
specific to the generator tool. The semantic actions may be used to specify any
action. The user can make use of the whole power of the implementation language
or the specific tool language. For the tools that do not require a specific tool
language, the code in the semantic actions is copied unchanged to the generated
module with the related pattern replacement text. In other cases, the code in the
specific language is converted to the implementation language during generation
of the related modules. However, in both cases, the code is not checked by the
COCKTALIL tools. The user is responsible for any side-effects that may be caused
by the code.

In general, the specification of a component to be input to a COCKTAIL tool
starts with a section where pieces of implementation code are given. The code in
this section is copied unchanged to specific parts of the generated modules. State-
ments in the implementation language can be written to specify external, global
and local declarations and to initialize and finalize the declared data structures.

REX is a lexical analyzer(scanner) generator. It generates a table-driven scan-
ner that simulates a deterministic finite automaton. Roughly, the input of REX
is a set of regular expressions and associated semantic actions which constitute

the specification of the scanner to be generated. The output is the source code of
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the scanner in the implementation language. In the run-time whenever a string
is matched by a regular expression, the code in the associated semantic action is
executed.

LALR is an LALR(1) parser generator. The input of LALR is the LALR(1)
grammar of the desired language written in BNF or extended BNF possibly with
semantic actions written in the implementation language associated with each
production. The output is the source code of the parser in the selected imple-
mentation language. The generated parsers are table-driven. LALR provides
routines for syntax error reporting, repair and recovery for the generated mod-

ules.

V.1.2 POVSDL software

All the generated software modules work in the UNIX operating system. To
manage the processing of modules, the UNIX system command make is used.
make reads the specification of what tasks are required to be done from a file
called Makefile. The make command keeps track of the relationships between the
modules of the program according to the contents of the Makefile. If changes are
made in these modules, make issues only those commands needed to update the
dependent modules so that the changes become effective.

The Makefile used for the generation of the lexical analyzer, parser and partial
order verifier is given in Figure V.1. The interaction of tools according to the
Makefile are depicted in Figure V.2.

LALR is invoked with the input file Parser.lalr and the following options:

¢ : generate C source code

b : convert ebnf to bnf format

d : generate definition module (Parser.h)

v : generate debugging information in file _Debug

As a result the source code for the parser is generated in the implementation
language C and stored in files Parser.c and Parser.h. Information about possible

conflicts in the specification is written in file _Debug.
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LIB = /usr/local/cocktail/lib
INCDIR = /usr/local/cocktail/include
CFLAGS = -I$(INCDIR)
CC = gcc -g
povsdl: main.o Parser.o Scanner.o
g++ -g $(CFLAGS) Parser.o Scanner.o main.o \
$(LIB)/libreuse.a =-o povsdl
Parser.h Parser.c: parser.lalr
lalr -c¢ -b -d -v parser.lalr;
Scanner.h Scanner.c: scanner.rex
rex —-¢ —-d scanner.rex;
main.o: queue_int.h stack.h Parser.h
g++ -g $(CFLAGS) -c main.cc
Parser.o: Parser.h Scanner.h
$(CC) $(CFLAGS) -c Parser.c
Scanner.o: Scanner.h
$(CC) $(CFLAGS) -c¢ Scanner.c
clean:

rm -f core *.o0 main

Figure V.1: Makefile for the generation of POVSDL
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stack.h

Parser.lalr —(>-(> Parser.h/.c —\ main.cc
v //

_Debug | queue_int.h

scanner.rex -(> Scanner.h/.c j povsdl

Figure V.2: Interaction of tools to generate the lexical analyzer, parser and
POVSDL

The file scanner.rex is input to REX with the following options:

¢ : generate a lexical analyzer in C

d : generate definition module for the lexical analyzer
Following these, REX produces the modules Scanner.h and Scanner.c in the

implementation language C.

A main program, named main.cc, to drive the parser and to implement ver-
ification techniques is written in C++ programming language. The source code
for main.cc is given in Appendix C. Also files queue_int.h which is an imple-
mentation of a bounded queue storing integers(source code is in Appendix D),
and stack.h which is an implementation of a stack storing the global state of the
system(source code is in Appendix E) are written in C++.

To use the generated modules, the files Scanner.h/c, Parser.h/c, queue_int.h,
stack.h and main.cc are compiled with the GNU C++ compiler “g++". Then
the produced object modules are linked to obtain the executable file for partial
order verifier, named powvsdl.

In Figure V.3 there is an example SDL system in graphical form, the corre-
sponding system in input language of POVSDL is also demonstrated. Number
of processes in the system are given after the 'Process_number’ keyword, process
definitions begin with the keyword 'Process’ and then the process name, the con-
tents of input queues for the processes can be given after 'Input_queue’ keyword,

states of the processes are denoted by 'State’ and then the state name, next state
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is given after 'Next_State’ keyword, at each state the saved signals are given after
the 'Save’ keyword, input transitions are denoted by 4+’ and output transitions
by -’ characters, finally a process definition ends with keyword ’End _process’ and
name of the process. This is the style of the language parsed by the parser.

POVSDL performs PRA (Persistent Reachability Analysis) according to the
algorithm in Figure IV.1 of chapter IV. Also CRA(Conventional Reachability
Analysis) is performed by replacing function Persistent_Set(s) in the algorithm
by enabled_set(s) (i.e., all enabled transitions at the global state s). These are two
options of the tool. The user is also asked to give a bound for the input queues of
the processes. During verification the visited states are stored in a hash table and
about one hundred bytes are needed to store a single state with a queue length
of 20 (a state is a composition of each process local state and each process queue
contents). A simple hash function is used for generating a hash value then a linked
list style hash table is used. In POVSDL the states are explicitly enumerated for
verification with no collision risk as opposed to using a supertrace style approach
[Hol91] that may further reduce the state space generated.

The main function in main.cc is exhaust which takes the initial state and the
parsed protocol structure as parameters and implements the algorithm in Figure
IV.1 of chapter IV. Inside this function stack and hash tables are initialized and
a depth first search is performed throughout which you can call function enable
or function persistent for CRA and PRA respectively. Then according to the T’
returned by the functions (i.e., set of all enabled transitions at that global state or
set of transitions returned by the functions implementing Algorithm 2 of chapter
IV for finding the persistent set at that global state) the next global states are
found and pushed onto stack. Then the states are popped and again the next
global states are found and pushed onto stack. This step continues until the stack
becomes empty that is when there are no new next states to generate. Then a
table is displayed showing the amount of time elapsed, the number of transitions,
the number of states, the number of deadlocks and the number of unspecified
receptions.

Function enable finds the set of enabled transitions at that global state of
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Process_number 2

Process 1 Process 2
Input_gqueue Input_queue
Transition_number 2 Transition_number 2
State 1 State 1

Save Save

+ 1 - 1 toProcess 1
Next_State 2 Next_State 2
State 2 State 2

Save Save

- 2 toProcess 2 + 2

Next_State 1 Next_State 1
End_process 1 End_process 2

The above system in the input language of POV SDL

Figure V.3: Graphical representation of an example SDL system and the corre-
sponding compiled system for POVSDL tool input
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the system which it takes as a parameter by making use of the function called
enable_s which takes control state of a single process, the process name, and the
protocol structure as parameters and returns the enabled transition at that state
of a process in a structure.

Function persistent takes present global state and the protocol structure as
input parameters. This function checks whether we can make use of read first
principle if yes then the transition is returned in a structure if not then a func-
tion called algod is used which implements Algorithm 2 of chapter IV to find a

persistent set.

V.2 Experimental results

We have worked on several realistic examples to illustrate the results of our reduc-
tion methodologies. The methodology followed in verification of these protocols
are as follows. First the protocols are specified in SDL, second as explained in
the previous chapter the data parts of the protocols are excluded so that trans-
lation into SSM is direct, however while doing exclusion of data part the system
then should be able to generate the paths that may be followed by the values of
data. This is captured by letting the SSM specification make nondeterministic
transitions as explained at the end of the previous chapter. The sample protocols

used are as follows.

ABP is the alternating bit protocol with 5 processes.

e SSSM93 is a connection establishment protocol taken from [NIUS93]. This
protocol sets up and releases a call. There are 2 processes exchanging signals

and an environment sending and receiving signals to and from processes.

e SSM95 and prol0 are protocols which we generated for experimental pur-

poses and they simply exchange signals in an arbitrary manner.

e ISDN, ISDN (Integrated Services Digital Network) Layer 2 (Data Link
Layer) provides a secure, error-free connection between two end-points con-

nected by a physical medium, responsible for detecting and retransmitting
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lost frames. The method for recovering from a lost frame is based on the
expiration of a timer. A timer is started every time a command frame
is transmitted and is stopped when the appropriate response is received.
The SDL representation of point-to-point procedures of the data link layer
given in ETSI [ETS91] recommendations has formed the backbone of the
Layer 2 SDL specification in the study. The most complicated process in
specification provides both acknowledged and unacknowledged information
transfer services. Acknowledged information transfer also implements the
services, link establishment, link re-establishment and link release. Another
process performs TEI (Terminal Endpoint Identifier) assignment, check and
removal procedures. The protocol has been specified in SSM with exclusion
of data part as explained above. The input code for the POVSDL tool for

ISDN example is in the Appendix F.

Experiments were performed by using two methods.

e CRA conventional reachability analysis is exhaustive verification with depth

first search order.

e PRA persistent reachability analysis is the partial order methodology which
we developed in this thesis and uses Algorithm 2 of previous chapter and

the read-first principle.

The POVSDL tool checks for deadlocks and unspecified receptions. Table
V.1 presents for each of the methods and protocols number of visited states and
number of transitions. The user is able to put a bound on the input queue lengths
of processes in the protocols which is practical.

The reductions obtained are of order of magnitude. It is obvious that in all
of the protocols there is a huge amount of reduction both in terms of states and
transitions generated compared to conventional reachability analysis case. The
PRA method is slower than CRA due to the computations done for calculating
persistent sets. It can be observed from the ISDN example that complex pro-

tocols can also be verified easily using the PRA method which is not the case
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Table V.1: Results of verification

‘ Protocol H Algorithm ‘ States ‘ Transitions ‘
ABP CRA 12223 24580

PRA 95 97

SSM93 CRA 132224 484265

PRA 95 70

SSM95 CRA 3227 12585

PRA 105 142
prol0 CRA 63 135

PRA 15 14
ISDN CRA 76949 351190

PRA 1545 1892

for commercial verifiers because there is no such partial order methodology used
in commercial market. They use exhaustive verification as in CRA method or a
supertrace style verification which is not exhaustive due to the method followed
in storing the visited states. It is quite clear that PRA method developed is the
most efficient verification engine developed until now for SDL systems.

Partial order methods bring no risk for the state space search of the systems
analyzed, but they can yield quite nice improvements in the performance of ver-
ification. By the use of partial order methods, more complex systems can be
verified.

The reduction obtained depends on the coupling between the processes in the
system. When coupling is very tight, partial-order methods yield no reduction,
and the PRA method can reduce to CRA method. But when the coupling is very

loose, the reduction can be very impressive.
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CHAPTER VI

CONCLUSION

VI.1 Summary

Partial order methods take benefit from modelling of concurrency by interleaving
by which all interleavings of all concurrent transitions of a system are represented
in its state space. It is shown that exploring all these states is not necessary for
verification. The algorithms we develop search only a reduced part of the state
space of a concurrent system that is sufficient for checking deadlock properties
of a system. We have presented the notion of independency of transitions and
equivalent traces which lead to selecting a subset of all interleavings and explain
the transitions that are independent in SDL systems. In order to select the subset
of all interleavings of a system a definition called persistent sets is given which
selects only a subset of all transitions which are enabled at a global state of a
system. We then give algorithms to find persistent sets both for the basic SDL
subset and then the extended SDL case which guarantee deadlock detection. Ap-
plication of the methods for further constructs of SDL are shown. A verification
engine (POVSDL) implementing the ideas presented in this thesis is explained
and experiment results for various real protocols are given.

An immense amount of reduction has been obtained on systems which can
make good use of read-first methodology. It is clear from the experimental results

that the theory developed in this thesis is the most efficient verification method
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developed for SDL systems. There is not any work comparable to our study in

the literature and the ones done cover a smaller subset of SDL then we cover.

V1.2 Future Work

We are planning to introduce data in SDL into SSM model. In this thesis method-
ologies for deadlock detection have been developed, this work can be extended
for verification of liveness properties as well. A compiler from SDL to SSM will
automate the translation step and it will enable us to plug POVSDL into var-
ious commercial SDL tools. A more efficient code for POVSDL that will make
better use of time and space can be written. This work has been a model for
the SDL-COSPAN compiler work and the ideas are used in the compiler being
developed.

Our work will develop in a way to understand the mechanisms in generating
states during verification. The problem is that with all [God95], [Hol91] state
space verification techniques, at a global state we skip some other next states
that are generated during conventional reachability analysis which gives the im-
provement in all the methods. But it is unknown whether we will always come
to these skipped states and generate them at a later phase of the verification.

Further complexity reduction improvements are possible via : (i) implemen-
tation of a collision risk technique similar to that utilized by Holzmann [Hol91],
(ii) combining leaping reachability analysis [OU94] with the persistent set idea
by generating a collection of persistent sets at each global state and taking a
multi-step forward leap by executing one transition from each set synchronously
for each combination of individual selections. For example, any number of non-
output transitions enabled at a state, can be executed simultaneously. We can
derive such synchronously executable sets of enabled transitions including output

statements also.
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APPENDIX A

POVSDL SCANNER SPECIFICATION

EXPORT{

#include "Positions.h"
#include "StringMem.h"
#include "Idents.h"

# if defined __STDC__ | defined __cplusplus
# define ARGS(parameters) parameters
# else

# define ARGS(parameters) O

# endif

typedef struct { tPosition yyPos; int Integer; } yyintConst;
typedef struct { tPosition yyPos; tIdent Name; } yyname;
typedef struct { tPosition yyPos; tStringRef String; } yycharacterString;

typedef struct {

tPosition Position;

yyintConst intConst;

yyname name;

yycharacterString characterString;
char* string;

} tScanAttribute;

extern void ErrorAttribute ARGS((int Token, tScanAttribute * Attribute));
}

GLOBAL{

#include <math.h>
#include "Memory.h"
#include "StringMem.h"
#include "Idents.h"
#include "Errors.h"

void ErrorAttribute

# if defined __STDC__ | defined __cplusplus
(int Token, tScanAttribute * Attribute)
# else

(Token, Attribute) int Token; tScanAttribute * Attribute;
# endif
{r
}

LOCAL {

static char Word [10][10][64];
static char Wordl [64];
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static char Word2 [600][64];
static char Word3 [600][64];
static char Word4 [600][64];
static char Word5 [600][64];
static char Wordé [600] [64];
static char Word7 [600][64];
static char Word8 [600][10][64];
static char Word9 [600][64];
static int val=0;

static int valil=0;

static int val2=0;

static int val3=0;

static int valé4=0;

static int valb5=0;

static int valé=0;

static int val7=0;

static int val8=0;

static int val9=0;

static int vall0=0;

}

DEFAULT {
MessageI("illegal character:", xxError,Attribute.Position,xxCharacter,TokenPtr);

3

BEGIN{

extern char* myfile;
BeginFile(myfile);

printf("File %s is opened\n",myfile);
}

CLOSE{

extern char* myfile;
CloseFile(myfile);

printf("File %s is closed\n",myfile);
}

DEFINE
digit = {0-9}
letter {a-z A-Z}
nl {\n}

START st1l, st2 , st3, st4, stb, st6, st7, st8, st9, st10, stll, stl2, no

RULES

#STD# "Process_number" : { yyStart(stl); return 1; }

#STD# "Process" : { yyStart(st2); return 2; }

#STD# "End_process" : { yyStart(no); return 3; }

#STD# "Input_queue" : { val=val+l; yyStart(st3); return 4; }
#STD# "Transition_number" : { yyStart(stl); return 5; }

#STD# "State" : { yyStart(st4); return 6; }

#STD# "Next_State" : { yyStart(st5); return 7; }

#STD# "-" : { yyStart(st6); return 8; }

#STD# "Save" : { val7=val7+1; yyStart(st9); return 14; }
#STD# "NONE" : { return 13; }

#STD# "+" : { yyStart(st7); return 9; }

#STD# ‘"priority" : { yyStart(st10); return 15; }

#STD# "toProcess" : { yyStart(st8); return 11; }

#sti# digit+ : { (void) GetWord(Wordl);
Attribute.intConst.Integer = atoi (Wordl);
yyStart(STD); return 10; }

#st2# digit+ : { (void) GetWord(Word2[valil);

Attribute.intConst.Integer = atoi(Word2[valll);
vall=vall+l; yyStart(STD); return 10; }
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#st3#

#stdd#

#sto#

#sto#

#stT#

#st8#

#sto#

#st10#

#stild

#st12#

#no#

(digit+ | nl) : {

digit+ : {

digit+ : {

digit+ 0 o

digit+ : {

digit+ : {

(digit+ | nl) : {

digit+ :

II$II . {

II$II . {

(void) GetWord(Word[vall[valiO]);

if (*Word[vall [vali0]==’\n’) { yyStart(STD); }
else
{Attribute.intConst.Integer=atoi(Word[val] [val10]);
yyStart(st12); valilO=valiO+1l; return 10; }; }

(void) GetWord(Word3[val2]);
Attribute.intConst.Integer = atoi(Word3[val2]l);
val2=val2+1l; yyStart(STD); return 10; }

(void) GetWord(Word4[val3]);
Attribute.intConst.Integer = atoi(Word4[val3]);
val3=val3+1; yyStart(STD); return 10; }

(void) GetWord(Word5[val4d]);
Attribute.intConst.Integer= atoi(Word5[val4]);
val4=vald+1l; yyStart(STD); return 10; }

(void) GetWord(Word6[valb]l);
Attribute.intConst.Integer= atoi(Word6é[val5]);
valb=valb+1l; yyStart(STD); return 10; }

(void) GetWord(Word7[val6]);
Attribute.intConst.Integer = atoi(Word7[val6]);
val6é=val6+1l; yyStart(STD); return 10; }

(void) GetWord(Word8([val7][val9]);

if (*Word8[val7][val9l==’\n’) { yyStart(STD); }
else
{Attribute.intConst.Integer=atoi(Word8[val7] [val9l);
yyStart(stil); val9=val9+l; return 10; }; }

(void) GetWord(Word9[val8]);
Attribute.intConst.Integer = atoi(Word9[val8]);
val8=val8+1l; yyStart(STD); return 10; }
yyStart(st9); return 16; }

yyStart(st3); return 16; }

digit+ : —{ yyStart(STD); return 10;}
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APPENDIX B

POVSDL PARSER SPECIFICATION

PARSER

GLOBALA{

#include "StringMem.h"
#include "Idents.h"
typedef union {
tScanAttribute Scan;

} tParsAttribute;

int Digit;

int pars_proc_name[100];
int pars_queue[10] [10];
int pars_states[600];

int pars_next_states[600];
int pars_transno[100];
char pars_sig_type[600];
int pars_signal[600];

int pars_toprocess[600];
int pars_save[600][10];
int nol; int no2; int no3; int no4; int nob5; int no6;
int no7; int no8; int no9;

3

BEGIN { BeginScanner ();
nol=-1; no2=-1; no3=0; no4=-1; nob5=-1; nob=-1; no7=0;
no8=-1; no9=-1;

}

CLOSE {
free(pars_queue) ;
free(pars_sig_type);
free(pars_signal);
free(pars_save);

}

TOKEN

’Process_number’ =
’Process’ =
’End_process’ =
’Input_queue’ =
>Transition_number’ =
’State’ =
’Next_State’ =

b}

W ~NOU s WN

b} =
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140 =9

digit = 10

’toProcess’ =11

’NONE’ =13

’Save’ = 14

’priority’ =15

1$1 = 16

RULE

system : process_no processes.
process_no : ’Process_number’ digit

{ Digit = $2.Scan.intConst.Integer; 1} .

processes : processesy ( processesy )%
processesy : process_name process_structure end_process_name
process_name : ’Process’ digit

{ no2 = no2 + 1;

pars_proc_name[no2] = $2.Scan.intConst.Integer; 1} .

end_process_name : ’End_process’ digit.
process_structure : queue infra .
queue : ’Input_queue’ qil

{ no3 = no3 + 1; no8=-1; 7} .
ql : (g2 ’$ )=
q2 : digit

{ no8 = no8 + 1;
pars_queue [no3] [no8]=$1.Scan.intConst.Integer; }.

infra : transs states
transs : ’Transition_number’ digit
{ nol = nol + 1;
pars_transno[nol] = $2.Scan.intConst.Integer; }.
states : statesy ( statesy ) * .
statesy : statesyf transition statesyl .
statesyf : ’State’ digit

{ no4 = nod + 1;
pars_states[no4]=$2.Scan.intConst.Integer; }.

statesyl : ’Next_State’ digit
{ no5 = no5 + 1;
pars_next_states[no5]=$2.Scan.intConst.Integer; }.

transition : save_list (input_transition | output_transition |
none_transition | priority_transition ).

save_list : ’Save’ si
{ no7 = no7 + 1; no9 = -1; } .

s1 : (s2 7§ )
s2 : digit
{ no9 = no9 + 1;
pars_save[no7] [no9]=$1.Scan.intConst.Integer; }.
input_transition : 4 digit

{ no6=nob+1;
pars_sig_type[no6]="+’;
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pars_signal[no6]=$2.Scan.intConst.Integer;
pars_toprocess[no6]=999; }.

output_transition : ’-’ digit ’toProcess’ digit
{ no6=nob+1;
pars_sig_type[no6]="-’;
pars_signal[no6]=$2.Scan.intConst.Integer;
pars_toprocess[no6]=$4.Scan.intConst.Integer; }.

none_transition : ’NONE’
{ no6=no6+1;
pars_sig_type[no6]=’N’;
pars_signal[no6]=0;
pars_toprocess[no6]1=999; .

priority_transition: ’priority’ digit
{ no6=no6+1;
pars_sig_type[no6]="p’;
pars_signal[no6]=$2.Scan.intConst.Integer;
pars_toprocess[no6]=999; }.
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APPENDIX C

MAIN.CC SOFTWARE CODE

#include <stdio.h>
#include <iostream.h>
#include <fstream.h>
#include <sys/time.h>
#include <string.h>
#include <sys/resource.h>

#include "queue_int.h" //bounded integer array queue
#include "stack.h" //stack which stores
//global system state

#define STACKSIZE 200000
#define HASHSIZE 30000

char* myfile;
int sel;

int leng;

int en =0;
int pr =0;
int 1nk=0;
int stn=0;
int gq=0;

int relno=0;
int hnum[HASHSIZE];
int maxh;

extern "C" {

int Parser(); void CloseParser ();
int Digit;

int pars_proc_name[10];
int pars_transno[600];

int pars_queue[10][10];
int pars_save[600][10];
int pars_states[600];

int pars_next_states[600];
char pars_sig_type[600];
int pars_signal[600];

int pars_toprocess[600];
}

/**********************

Initial menu asking for the name of the input protocol
which will be verified
ook ko skok ok ok ok ok ok ok ok ok /

o8



char* initializel(){
char * file_name= new char[40];
system("clear");

cout <<"======VERIFICATIQN=============" << endl;
cout <<"| |" << endl;
cout <<"| 0. Exit |"<< endl;
cout <<"| |" << endl;
cout <<"| 1. Enter a file name |" << endl;
cout <<"| |" << endl;
cout <<" " << endl;
cout << "Enter your selectiomn: " ;

cin >> sel;

if (sel==0) exit(l);

if (sel==1) {
cout << "Filename: ";
cin >> file_name;
}

return(file_name);
};

/**********************

Algorithms that the protocol can be verified
sk s sk ko sk ok ok o sk ok o o sk ok ok sk ok ok

int* initialize2(){
system("clear");

cout<<"== =PERSISTENT/EXECUTE " << endl;
cout<<"| |"<< endl;
cout<<"| 2. Conventional Reachability Analysis |"<< endl;
cout<<"| |"<< endl;
cout<<"| 4. Persistent Reachability Analysis |"<< endl;
cout<<"| |"<< endl;
cout<<"| 5. Exit |"<< endl;
cout<<"| |"<< endl;
cout<K" << endl;
cout << "Enter your selection: " ;

cin >> sel;

if ((sel==0) || (sel==1) || (sel==2) || (sel==3) || (sel==4) )
{
int* global_state=new int[Digit];
for ( int j=1; j<=Digit; j++)
{
cout << "Enter the global state: ";
cin >> global_state[j-1];

};
return(global_state);

};
if (sel==5) exit(1);
};

[ 3% ko ko sk ok ko sk ook ook ok ok ok
Function to find the number of signals
in the input queue of a process

ok ook ok sk ok sk ok ok ok sk ok sk sk ook ko /

int length_of_queue(int* queue)

{

int g;

for( g=1; g<=lenq;g++ )

{

if ( queue[g-1] == 0 ) break;
};
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return (g-1);
};

[ ek sk sk ok ok sk ok sk sk ks ok ok sk ok sk ok ok sk

Checks whether a signal is in the savelist
of a state of a process

stk ke sk ke ok ks ke sk ks ok sk ko ko

int isinSave(int s, int* savelist)
{

int ret=0;

for(int g=1; g<=length_of_queue(savelist); g++)

{
if ( savelist[g-1] == s )
{ ret=g ; break;};
T
return(ret);

};

[ Kk ks ok ok ok ok ok ok ok ok ok Kok ok ok ok ok kK

Structure to store the informations about
a process’s state

sk ok kKoK ok ok o Kok ok ok ok K Kk ok ok ok ok ok [

class state {

public:

state(int, int, char, int, int, intx );
state();

int state_name;

char inout;

int signal;

int toprocess;

int next_state_name;

int* save;

};

state::state(int myname,
int my_next_state_name,
char mytpe,
int mysignal,
int processto,
int* mysave)
{
state_name = myname;
next_state_name = my_next_state_name;
signal=mysignal;
save=new int[length_of_queue(mysave)];
save=mysave;
toprocess=processto;
inout=mytpe;

};

state: :state()
{};

[ Kk ok o ok ok ok ok ok o o ok ok ok ok R KK

Structure to store the informations about
a process’s input queue, transition
numbers and states

Kk ok s ok ok ok K ok s ok o ok KoK sk ok ok ok ok sk ok /

class processes {

public:

processes(int, int, int*, int );
processes();

int process_name;

int_queue* input_queue;

int transition_number;

state* mystates;
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};

processes: :processes(int myname,
int mytransno,
int* myqueue,
int st)

process_name = myname;

transition_number = mytransno;

input_queue= new int_queue(lenq);

for(int t=1; t<=length_of_queue(myqueune); t++)

{

input_queue->enqueue (myqueue [t-1]);

};

mystates=new state[mytransno];

for(int i=1;i<=mytransno;i++)

{

mystates[i-1]=state(pars_states[st+i-1],
pars_next_states[st+i-1],
pars_sig_type[st+i-1],
pars_signal[st+i-1],
pars_toprocess[st+i-1],

pars_save[st+i-1]

)5

¥

};

processes: :processes()

13

/KK o ok o K KK oK o o K KK oK oK o K KK

Main structure to store information
about the protocol to be verified
(i.e. creates objects for all
constructs in the test file)
K ok Rk ok oK K oK K oK o KoK oK ok ok ok ok ok
class menu{

public:

menu() ;
processes* myprocess;

};

menu: :menu(){
Parser();
myprocess=new processes[Digit];
int k=0;
for(int i=1;i<=Digit;i++)
{
myprocess[i-1]= processes(pars_proc_name[i-1],
pars_transno[i-1],
pars_queue[i-1],k);
k=k+pars_transno[i-1];
T
};

/% kkskokoskkokoksk ok skokskok sk osk ok ok ok ok ok

Structure to store the set of processes
returned for persistent set selection

sk ks ok s ok sk ok sk ok ok ok ok ok ok ok ok ok ok /

struct rel{

int* ars;

int len ;

rel(){ ars=new int[Digit];len=0; relno++;};

rel(int as) { ars=mew int[Digit]; relno++;
ars[0]= as; len=1; };

“rel(){ delete [] ars; relno--;};

};
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struct link {

link *next;

mytype* a;

link() { next = 0; lnk++; };

~“1link() { delete a; delete next; lnk--; };
s

rel* table;
rel* tablep;
link** H;

rel* relation(int process, menu client)
{
rel* myrel= new rel;
int val=0;
int k, h, u;
for( u=1; u<=Digit; u++)
{
for( h=1; h<=pars_transno[u-1];h++)
{
if(client.myprocess[u-1] .mystates[h-1].toprocess ==
process)
{
val =0;
for( k=1; k<=myrel->len;k++)
{
if (myrel->ars[k-1] ==
client.myprocess[u-1] .process_name) val=1;
};
if ( val == 0)
{
myrel->ars[myrel->len] = client.myprocess[u-1].process_name;
myrel->len++ ;
};
};
};
}
return(myrel);

};

int expo(int y, int h)
{

int r=1;

for (int j=1; j<=h;j++)
{ r=r*y; 1};

return(r) ;

};

[ sk ks ok sk ok ok sk ok sk ok o K ok oK ok
Function to find the union of

two sets of type rel
ook ok ok ok ok okokokkokkokkok Kok k /

rel* unions(rel* setl, rel* set2)
{
int val=0;
int element, t;
for( t=1; t<=set2->len; t++)
{
element= set2->ars[t-1];
val=0;
for(int y=1; y<=setl->len; y++)
{ if(setil->ars[y-1]==element ) val =1; };
if( val == 0)
{
setl->ars[setl->len]= element;
setl->len=setl->len+1;
};
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};
return(setl);

};

[ %%k Rk ok ok ok okokokkok Kok Kok K

Function to find whether a set of
type rel is a subset of another
set of type rel

ook ok ok ok ok okokokkokkokkok Kok k /

int subset(rel* set2, rel* setl)
{

int val=0;

int m=1;

int element, t, y;

for( t=1; t<=set2->len; t++)

{
element= set2->ars[t-1];
val=0;
for( y=1; y<=setl->len; y++)
{
if(setl->ars[y-1]== element ) val =1;
};
if( val == 0) m=0 ;
};
return m;

};

void recurse(rel#* prime,int i, menu client)
{
rel* dprime= new rel;
rel* myl=new rel;
int g;
for( g=1; g<=prime->len; g++)
{
myl=relation(prime->ars[g-1], client);
dprime=unions(dprime, myl);

};

if (!subset (dprime, &tablel[il))

{
table[i]=+unions(&table[i] ,dprime);
recurse(dprime, i, client);

};

delete myl;

delete dprime;

};

void relationstar(menu client)
{

rel* my=new rel;

int length_of_set, kr, fg;

for(int u=1; u<=Digit; u++)

{
my=relation(client.myprocess[u-1].process_name, client);
length_of_set=my->len;
table [u-1]=*my;
tablep[u-1]=*my;
recurse(&table[u-1] ,u-1, client);
kr=0;
for( fg=1; fg<=table[u-1].len; fg++)

{
if(( client.myprocess[u-1].process_name ==

table[u-1].ars[fg-1] ) && (kr==0)) kr=1;

if ((kr==1)&& (fg'!=table[u-1].len))
table[u-1] .ars[fg-1]=table[u-1].ars[fg];

};

if (kr==1) table[u-1].len--;

};
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delete my;
};

int converter(menu client, int pro_name)
{

for(int j=1; j<=Digit; j++)

{

if(client.myprocess[j-1] .process_name== pro_name){break;};
};
return (j-1);

}’

Kk o ok ok kK K ok o o K K K oK oK ok K K

Structure to store the set of enabled
transitions

Kok ok s ok o ok K ok s o ok ok Kok sk ok ok ok ok sk ok /

struct enablestq{

int length_of_enabled;

state* enabled;

processes* proc_set;

int* enabled_by_save;

int* priority_not_enabled;

enablest(){
enabled = new state[10];
proc_set=new processes[10];
enabled_by_save = new int[10];
priority_not_enabled = new int[10];
length_of_enabled=0;
en= en + 1;
pr = pr + 1; };

~“enablest(){
delete [] enabled;
delete [] proc_set;
delete [] enabled_by_save;
delete [] priority_not_enabled;
en = en - 1;
pr = pr -1; };

};

[ sk ks ok ok sk ok ok sk ok sk ok o K ok oK ok

Function which finds enabled transition
of a process at the given control state
ok ok Kok ok ok ok o KoK ok ok ok ok ok ok ok ok ok ok /
enablest* enable_s(int each_state, int proc, menu client)
{

int len =0;

int u, t;

int there_is_priority_input=0;

int another_check =0;

enablest* rts=new enablest;

for( t=1; t<=pars_transno[proc];t++)

{

if(client.myprocess[proc] .mystates[t-1].state_name ==
each_state )

{
//IF the signal is an output signal
if (client.myprocess[proc].mystates[t-1].inout == ’-?)
{
for( u=1; u<=Digit;u++)
{

if(client.myprocess[proc] .mystates[t-1].toprocess==
client.myprocess[u-1] .process_name )
{break; };
};
if (client.myprocess[u-1].input_queue->mynumb < (lenq))
{

rts->enabled[len]=client .myprocess[proc] .mystates[t-1];
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rts->proc_set[len]=client.myprocess[proc];
rts->enabled_by_save[len]=0;

len++;
};
};
//IF the signal is an input signal
if(
( client.myprocess[proc].mystates[t-1].inout == ’+’) &&
( '( client.myprocess[proc].input_queue->emptyQ()) ) &&
( there_is_priority_input == )
)
{
//IF the signal is at the head of the queue
if(

client.myprocess[proc] .input_queue->headQ() ==
client.myprocess[proc] .mystates[t-1].signal
)
{
rts—->enabled[len]= client.myprocess[proc].mystates[t-1] ;
rts->proc_set[len]l=client.myprocess[proc];
rts->enabled_by_save[len]=0;
len++;
};
//IF the signal is after a saved signal in the queue
if(
client.myprocess[proc].input_queue->saveQ(client.myprocess[proc].mystates[t-1].signal,
client .myprocess [proc] .mystates[t-1].save)
)
{
rts->enabled[len]= client.myprocess[proc].mystates[t-1] ;
rts->proc_set[len]=client.myprocess[proc];
rts->enabled_by_save[len]=1;

len++;
}
};
//IF the signal is a priority input signal
if(
(client.myprocess[proc] .mystates[t-1].inout == ’p’) &&
(client.myprocess[proc].input_queue->isinQ(client.myprocess[proc].mystates[t-1].signal))
)
{
len =0;

rts->enabled[len]= client.myprocess[proc].mystates[t-1] ;
rts->proc_set[len]=client.myprocess[proc];
rts->enabled_by_save[len]=0;

len++;

there_is_priority_input = 1;

};

if(
(client.myprocess[proc] .mystates[t-1].inout == ’p’) &&
(!client.myprocess[proc].input_queue->isinQ(client.myprocess[proc].mystates[t-1].signal))
)
{ another_check=1; };

if(sel!=3 && sel!=4 && sel!=0)
{
if (client.myprocess([proc].mystates[t-1].inout == ’N’)
{
rts->enabled[len]= client.myprocess[proc].mystates[t-1] ;
rts->proc_set[len]=client.myprocess[proc];
len++;
};
}
};
};

if (another_check == 1 )
rts->priority_not_enabled[len-1] = another_check;
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rts->length_of_enabled = len;
delete rts;
return(rts);

};

[ sk ks ok ok sk ok ok sk ok sk ok o K ok oK ok

Function which finds all enabled transitions
at a global state of the system

ok ok Kok ok ok ok o KoK ok ok ok ok ok ok ok ok ok ok /

enablest* enable(int* present_state, menu client)
{
int length_of_enabled_set =0;
enablest* rts=new enablest;
enablest* retr;
int each_state, h;
for ( int y=1; y<=Digit; y++ )
{
each_state = present_state[y-1];
retr=enable_s(each_state, y-1, client);
for( h=1; h<=retr->length_of_enabled;h++)
{
rts->enabled[length_of_enabled_set] = retr->enabled[h-1] ;
rts->proc_set[length_of_enabled_set] = retr->proc_set[h-1];
rts->enabled_by_save[length_of_enabled_set] = retr->enabled_by_save[h-1];
rts->priority_not_enabled[length_of_enabled_set] = retr->priority_not_enabled[h-1];
length_of_enabled_set++;
};
};
rts->length_of_enabled=length_of_enabled_set;
return(rts);

};

[ koksk ks ok sk ok sk ok sk ok sk ok sk o ok ok ok ok ok

Function which prints the screen

information about the transitions inputted in terms
of state name, transition name, next state name etc.
stk skokskok ko ko ks ok sk sk ok sk sk sk ok /

void print_to_scr(state* enabled_set,
processes* pro_set,
int length_of_enabled_set)

{
for (int r=1; r<=length_of_enabled_set; r++)
{
cout << r-1 << ")";
cout << "Process: " << pro_set[r-1].process_name << " " ;
cout << "State: " <<enabled_set[r-1].state_name << " ";
cout << "Transition: " <<enabled_set[r-1].inout << " ";
cout << enabled_set[r-1].signal << " ";
cout << "To: " <<enabled_set[r-1].toprocess << " ";
cout << "Next_State: " <<enabled_set[r-1].next_state_name << " "<< endl;
};
};
int isina(rel* a, int al)
{
int k=0;
for(int h=1; h<=a->len; h++)
{
if (a=>ars[h-1]== al) k=1;
};
return(k) ;
};

rel* recurse2(rel* a, int * global, int proc, menu client)
{

rel* g=new rel;

enablest* fty;
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int ftx;

int al, hf, each, gu, kn;

for( kn=1; kn<=tablep[proc].len; kn++)

{

al=tablepl[proc].ars[kn-1];

hf=converter(client, al);

if(!isina(a, al))

{

each= globall[hf];

fty=enable_s(each, hf, client);

ftx = fty->length_of_enabled;

rel*x ak=new rel(al);

delete ak;

if (£tx!=0)

g=unions(g, ak);

else{
rel* f=recurse2(unions(a, ak), global, hf, client);
g=unions(g, £);
delete f;
}

};

};

return(g) ;

};

[ %% Rk Rk ok ok ok ok ok ok ok Kok ok ok K

Function which finds a persistent set at a
global system state with Algorithm 2 for the
cases where read-first methodology does not work
®okokokokokokokokkok ok ok ok ok Kok Kok /

enablest* algo5(menu client, int proc, int * global)
{
int length_of_enabled_set =0;
enablest* rtf;
enablest *rts;
int 0K=0;
int 11, 12, res, h, s, red, each_state, u, hy, t;
rel* Pp=new rel;
rel* Pc=new rel;
Pc->ars[0]= client.myprocess[proc].process_name;
Pc->len++;
11=Pc->len;
12=Pp->len;
while(!0K)
{
Pp=unions(Pp,Pc);
for(h=1; h<= Pc->len; h++) //STEP 2
{
res=converter(client, Pc->ars[h-1]);
if(sel == 3 )
Pp=unions(Pp,&table[res]);
if((sel==4 ) || (sel==0))
{
rel* ahyak=new rel(Pc->ars[h-1]);
rel* f=recurse2(ahyak, global, res, client);
Pp=unions(Pp,f);
delete ahyak;

delete f;

};
}
for(s=1; s<=Pp->len;s++) //STEP 3
{

red=converter(client,Pp->ars[s-1]);
each_state = globall[red];

for( t=1; t<=pars_transno[red];t++)
{

if(client.myprocess[red] .mystates[t-1] .state_name == each_state
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{

if (client.myprocess[red].mystates[t-1].inout == ’-?)
{

for( u=1; u<=Digit;u++)

{

if(client.myprocess[red] .mystates[t-1] .toprocess==
client.myprocess[u-1] .process_name )

{break; };
};
if(client .myprocess[u-1].input_queue->mynumb < (lenq))
{

rel* myrel=new rel;

myrel->len=0;
myrel->ars[0]=client.myprocess[u-1].process_name;
myrel->len++;

Pc=unions(Pc, myrel);

delete myrel;

};
};
};
};
};
if ( (11==Pc->len) && (12==Pp->len) ) O0K=1; //STEP 4
else {
11=Pc->len;
12=Pp->len;
};

};

for(hy=1; hy<=Pp->len;hy++)
{

red=converter(client,Pp->ars[hy-1]);

each_state = globall[red];

rts=enable_s(each_state, red, client);

for( h=1; h<=rts—>1ength_of_enab1ed;h++)

{

rtf->enabled[length_of_enabled_set] = rts->enabled[h-1] ;

rtf->proc_set[length_of_enabled_set] = rts->proc_set[h-1];

rtf->enabled_by_save[length_of_enabled_set] = rts->enabled_by_savel[h-1];

rtf->priority_not_enabled[length_of_enabled_set] = rts->priority_not_enabled[h-1];

length_of_enabled_set++;

};

if (sel==0)

{

cout << Pp->ars[hy-1] << endl;

cout << "Enabled transitions for this process is:" << endl;

if(rts->length_of_enabled!=0)

{

print_to_scr(rts—>enabled, rts->proc_set, rts—)length_of_enabled);

}

else cout <<"No enabled transition for this process!" <<endl;

cout << endl;

};
};
rtf->length_of_enabled=length_of_enabled_set;
delete Pp;
delete Pc;
delete rts;
return(rtf);

};

enablest* enable_s1(int each_state, int proc, menu client)
//finds ’none’ executables
{
int len =0;
int u, t;
enablest* rts=new enablest;
for( t=1; t<=pars_transno[proc];t++)
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{

if (client.myprocess[proc] .mystates[t-1].state_name == each_state )
{

if (client.myprocess[proc].mystates[t-1].inout == ’-?)

{

for( u=1; u<=Digit;u++)

{

if (client.myprocess[proc] .mystates[t-1].toprocess==
client.myprocess[u-1] .process_name )
{break; I};
};

if(client.myprocess[u-1].input_queue->mynumb < (lenq))
{

rts->enabled[len]=client.myprocess[proc] .mystates[t-1];
rts->proc_set[len]=client.myprocess[proc];

len++;

}

};

if ((client.myprocess[proc].mystates[t-1].inout == ’+’) &&
( !'(client.myprocess[proc].input_queue->emptyQ())))

{

if(client.myprocess[proc].input_queue->headQ() ==
client.myprocess[proc] .mystates[t-1].signal)
{ rts->enabled[len]= client.myprocess[proc].mystates[t-1] ;
rts->proc_set[len]=client.myprocess[proc];
len++;
};
};
if (client.myprocess[proc].mystates[t-1].inout == ’N’)
{
rts->enabled[len]= client.myprocess[proc].mystates[t-1] ;
rts->proc_set[len]=client.myprocess[procl;
len++;
};
};
};
rts->length_of_enabled = len;
delete rts;
return(rts);

};

enablest* enablel(int* present_state, menu client)
//ONLY difference from function enable is that it
//finds NONE transitions

int length_of_enabled_set =0;

enablest* rts=new enablest;

enablest* retr;

int each_state, h;

for ( int y=1; y<=Digit; y++ )

{

each_state = present_state[y-1];

retr=enable_s1(each_state, y-1, client);

for( h=1; h<=retr->1ength_of_enabled;h++)

{

rts->enabled[length_of_enabled_set] = retr->enabled[h-1] ;
rts->proc_set[length_of_enabled_set] = retr->proc_set[h-1];
rts->enabled_by_save[length_of_enabled_set] = retr->enabled_by_save[h-1];
rts->priority_not_enabled[length_of_enabled_set] = retr->priority_not_enabled[h-1];
length_of_enabled_set++;

}
};
rts->length_of_enabled=length_of_enabled_set;
return(rts);

};
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Function which finds persistent set with
read first methodology and if it cannot work
then function algob is called
sokokokskook ok sk ok sk sk ook ko ok ok ok ok kok /

enablest* persistent(int* present_state, menu client)

{

enablest * rtj= new enablest;

enablest * my=enable(present_state,client);
int sel_pro;

int mysel, min=1000;

int count = 0;

int k, u, z, r;

if (my->length_of _enabled != 0 )

for ( r=1; r<=my->length_of_enabled; r++)

{

if (((my->enabled[r-1].inout == ’+’) &&
( my->priority_not_enabled[r-1] != 1)) ||
(my->enabled[r-1].inout == ’p’) )

{

if( sel

{
cout
cout
cout
cout
cout
cout
cout
cout
};
k=0;

rtj->enabled_by_save[k]=my->enabled_by_save[r-1];

<<
<<
<<
<<
<<
<<
<L
<L

=0)

"Persistent set is:" << endl;

endl;

"Process: " << my->proc_set[r-1].process_name << " " ;

"State: " <<my->enabled[r-1].state_name << " ";

"Transition: " <<my->enabled[r-1].inout << " ";
my->enabled[r-1].signal << " ";

"To: " <<my->enabled[r-1].toprocess << " ";

"Next_State: " <<my->enabled[r-1].next_state_name << " "<< endl;

//TAKE only one + transition
rtj->enabled[k]= my->enabled[r-1];
rtj->proc_set [k]=my->proc_set [r-1];

rtj->priority_not_enabled[k]=my->priority_not_enabled[r-1];
count=count+1;

rtj->length_of_enabled=1;
u=converter(client, my->proc_set[r-1].process_name);
for( z=1; z<=pars_transno[u];z++)

{

if(client.myprocess[u] .mystates[z-1].state_name==

my->enabled[r-1] .state_name)

{

if (client.myprocess[u] .mystates[z-1].inout==’N’)

{

k++;

rtj->enabled[k]=client.myprocess[u] .mystates[z-1];
rtj->proc_set [k]=my->proc_set[r-1];

rtj->enabled_by_save [k]=my->enabled_by_save[r-1];

rtj->priority_not_enabled[k]=my->priority_not_enabled[r-1];
rtj->length_of_enabled++;

if ( count == 0 ) //IF there are no + transitions

{

if( sel == 0 )

{

for(sel_pro=1; sel_pro<=Digit; sel_pro++)

{

rtj=algo5(client, sel_pro-1, present_state);

cout <<"Y%%Tried process for persisitent set is:

for ( r=1; r<=rtj->length_of_enabled; r++)
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{

cout <<"Persistent set is:" << endl;

cout <<"Process: " << rtj->proc_set[r-1].process_name << " "
cout <<"State: " <<rtj->enabled[r-1].state_name << " ";

cout <<"Transition: " <<rtj->enabled[r-1].inout << " ";

cout <<rtj->enabled[r-1].signal << " ";

cout <<"To: " <<rtj->enabled[r-1].toprocess << " ";
cout <<"Next_State: " <<rtj->enabled[r-1].next_state_name<< " "<<endl;
};

if ((rtj->length_of_enabled < min ) && (rtj->length_of_enabled!=0))
{

min=rtj->length_of_enabled;

mysel=sel_pro-1;

};

};

rtj=algo5(client, mysel, present_state);
for ( r=1; r<=rtj->length_of_enabled; r++)

{

cout << "Persistent set is:" << endl;

cout << "Process: " << rtj->proc_set[r-1].process_name << " " ;
cout << "State: " <<rtj->enabled[r-1].state_name << " ";

cout << "Transition: " <<rtj->enabled[r-1].inout << " ";

cout << rtj->enabled[r-1].signal << " ";
cout << "To: " <<rtj->enabled[r-1].toprocess << " ";
cout << "Next_State: "<<rtj->enabled[r-1].next_state_name<<" "<<endl;
};
}
else
{
for(sel_pro=1; sel_pro<=Digit; sel_pro++)
{
rtj=algo5(client, sel_pro-1, present_state);
if((rtj->length_of_enabled < min ) && (rtj->length_of_enabled!=0))
{
min=rtj->length_of_enabled;
mysel=sel_pro-1;

};
}
rtj=algo5(client, mysel, present_state);
};
}
}
else if(my->length_of_enabled == 0 )
{

my=enablel(present_state,client);
//use enablel which finds executable none s
if (my->length_of_enabled != 0 )
{
for ( r=1; r<=my->length_of_enabled; r++)
{
k=0;
rtj->enabled[k]= my->enabled[r-1];
rtj->proc_set [kl=my->proc_set[r-1];
rtj->enabled_by_save[k]=my->enabled_by_save[r-1];
rtj->priority_not_enabled[k]=my->priority_not_enabled[r-1];
rtj->length_of_enabled=1;
u=converter(client, my->proc_set[r-1].process_name);
for( z=1; z<=pars_transno[u];z++)
{
if(client.myprocess[u] .mystates[z-1].state_name ==
my->enabled[r-1] .state_name)
{
if((client.myprocess[u] .mystates[z-1].inout=="N’) &&
(client.myprocess[u] .mystates[z-1] .next_state_name !=
my->enabled[r-1] .next_state_name ))

{

k++;
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rtj->enabled[k]=client.myprocess[u] .mystates[z-1];
rtj->proc_set [kl=my->proc_set[r-1];
rtj->enabled_by_save[k]=my->enabled_by_save[r-1];
rtj->priority_not_enabled [k]=my->priority_not_enabled[r-1];
rtj->length_of_enabled++;

}
T
1
};
};
};
return(rtj);
}
int hfuncl(mytype *key)
{
int d=0;
for(int t=1; t<=Digit;t++)
{
d=d+key->stateno[t-1]*expo(10,Digit-t);
};
return (d % (HASHSIZE - 1));
};

int statenom =0;
int isin(link** H,mytype *key)
{
int t;
int val=0;
int d=0;
link * p;
link* q ;
link* s;
bool found;
found = false;
int i=hfunci(key);
q=0;
p=H[il;
while( (p!=0) && (!found) )
{
for(t=1; t<=Digit;t++)
{
if ( (p->a->stateno[t-1] == key->stateno[t-1] ) &&
(length_of_queue(p->a->global_queue[t-1]) ==
length_of_queue(key->global_queue[t-1]) ))
val=val+l;
}
if (val==Digit)
{ found =true; }
else { val=0;
9=P;
p=p->next;
};
};
if (found)
{
d=1;
delete key;
}
else {
hnum[i] ++;
if (hnum[i] > maxh)
maxh=hnum[i];
s=new link;
s->a=key;
if (gq==0) H[il=s;
else g->next = s;
statenom = statenom + 1;

};
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return d;

};

3%k ok ok ok ok ok sk o sk ok ok ok k

Function which uses CRA or PRA to find

the reachability tree for verification purposes and
checks whether there are deadlocks or unspecified
receptions in the system

ook ok ok ok ok okokokkokkokkok Kok k /

void exhaust(int* s0, menu client)
{
fstream stackout, hashout;
int stsize=0;
int transnom=0;
int dead=0;
int ur=0;
int cntr=0;
int cntr2=0;
struct rusage timel,time2;
int a, j, t,y,g, num, u, k, length_of_enabled_set, cou;
H=new link*[HASHSIZE];
enablest* my;
state* enabled_set;
processes* pro_set;
mytype* nok;
stack * mystack= newstack(STACKSIZE);
mytype aft, *s;
int myh=0;
for(g=1;g<=HASHSIZE;g++)
H[g-11=0;
for( u=1; u<=Digit;u++)
{
aft.stateno[u-1]=s0[u-1];
aft.global_queue[u-1]=new int[length_of_queue(pars_queue[u-1])] ;
aft.global_queue[u-1]= pars_queue[u-1];
};
push(mystack, &aft);
myh++;
getrusage (RUSAGE_SELF,&timel) ;
while (!isempty(mystack))

{
cntr++;
cntr2++;
s=pop(mystack) ;
myh--;
if(!isin(H,s))
{
for (g=1;g<=Digit;g++)
{
client.myprocess[g-1].input_queue->clearQ();
for( y=1; y<=length_of_queue(s->global_queune[g-1]); y++)
{
if(client.myprocess[g-1].input_queue->mynumb < lenqg )
client.myprocess[g-1].input_queue->enqueune(s->global_queue[g-1][y-11);
};
}

if (sel==2) // CRA

my=enable(s->stateno, client);

if (sel==4) // PRA
my=persistent(s->stateno, client);
length_of_enabled_set=my->length_of_enabled;
enabled_set=my->enabled;
pro_set=my->proc_set;

nok =new mytype[length_of_enabled_set];
transnom=transnom+length_of_enabled_set;

if (length_of_enabled_set==0)
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{
cou =0;
for (g=1;g<=Digit;g++)
if(client.myprocess[g-1].input_queune->emptyQ())
cou = cou +1;
if (cou == Digit )
{ dead=dead+1; }
else
{ ur=ur+1; };

};
int check ;
for( num=1; num<=length_of_enabled_set;num++)
{
check = 0;
for( u=1; u<=Digit;ut++)
{

nok[num-1] .stateno[u-1]= s->stateno[u-1];
nok [num-1] .global_queue [u-1]=new int[lenq];
for(j=1;j<=lenq;j++)
{
nok[num-1] .global_queue[u-1] [j-1]=s->global_queue[u-1][j-1];
};
};
for( k=1; k<=Digit;k++)
{

if(client.myprocess[k-1] .process_name ==

pro_set [num-1] .process_name )

{ break; };

};

if (enabled_set[num-1].inout == ’-’)
{

nok[num-1] .stateno[k-1]=enabled_set[num-1] .next_state_name;
for(u=1; u<=Digit;u++)
{

if(client.myprocess[u-1].process_name==

enabled_set [num-1] .toprocess )

{

a = length_of_queue(s->global_queune[u-1]);

nok[num-1] .global_queue[u-1] [a]=enabled_set[num-1].signal;

};
};
}
else if((enabled_set[num-1].inout == ’+’) &&
( my->enabled_by_save[num-1] == 0 )
)
{
nok[num-1] .stateno[k-1]=enabled_set[num-1] .next_state_name;
a = length_of_queue(s->global_queue[k-1]);
for(j=1;j<=a;j++)
{
nok[num-1] .global_queune [k-1] [j-1]=s->global_queue[k-1] [j];
}
nok[num-1] .global_queue [k-1] [a-1]=0;
}
else if((enabled_set[num-1].inout == ’+’) &&
( my->enabled_by_save[num-1] == 1 )
)
{

nok[num-1] .stateno[k-1]=enabled_set[num-1] .next_state_name;
a = length_of_queue(s->global_queune[k-1]);
for(j=1;j<=a;j++)
{
if ((isinSave(s->global_queue[k-1][j-1],
enabled_set[num-1] .save) ) && ( check == 0 ) )
nok[num-1] .global_queue [k-1] [j-1]=s->global_queue[k-1][j-1];
else
{
nok[num-1] .global_queue [k-1] [j-1]=s->global_queue [k-1] [j];
check=1;
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};
nok [num-1] .global_queue[k-1] [a-1]=0;
};
¥
else if(enabled_set[num-1].inout == ’p’)
{
nok[num-1] .stateno[k-1]=enabled_set[num-1] .next_state_name;
a = length_of_queue(s->global_queue[k-1]);
for(j=1;j<=a;j++)
{
if (! (s->global_queue[k-1][j-1] ==
enabled_set[num-1] .signal)
&& ( check == 0 ) )
nok[num-1] .global_queue[k-1] [j-1]=s->global_queue [k-1][j-1];
else
{
nok [num-1] .global_queue [k-1] [j-1]=s->global_queue [k-1][j];
check=1;
};
nok[num-1] .global_queue[k-1][a-1]=0;
};
¥
else if(enabled_set[num-1].inout == ’N’)
{
nok[num-1] .stateno[k-1]=enabled_set[num-1] .next_state_name;

};

if(length_of_enabled_set!=0)
{
push(mystack,&(nok[num-1])) ;
myh++;
stsize = stsize+l1;
};

};

delete [] enabled_set;

delete [] pro_set;

delete my;

};

if (cntr==10000)
{

system("pstat -s");

printf("\rStack size: %d Trans num: %d

States: %d DEADLOCK: %d UR: %d",myh,stsize,statenom,dead,ur);

cntr=0;

cout << endl;

cout << en << endl;

cout << pr << endl;

cout << lnk << endl;

cout << stn << endl;

cout << gq << endl;

cout << relno << endl;
};
};
getrusage (RUSAGE_SELF ,&time2) ;
cout << "RESULTS" << endl;

cout << "===m=——- " << endl;

cout << "Blocking state number: " << dead+ur << endl;
cout << "Deadlock number: " << dead << endl;

cout << "UR number: " << ur << endl;

cout << "Global state number: " << statenom << endl;

cout << "Global transition number: " << transnom << endl;
cout << "User Time: " <<

time2.ru_utime.tv_sec - timel.ru_utime.tv_sec << endl;
cout << "System Time: " <<

time2.ru_stime.tv_sec - timel.ru_stime.tv_sec << endl;
cout << "Maximum hash link = " << maxh << endl;
cout << en << endl;
cout << pr << endl;
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cout << 1lnk << endl;
cout << stn << endl;
cout << gq << endl;
cout << relno << endl;
};

/ sk ke sk ok ks ok e sk ks ok ok sk ks ok o sk

Main function which makes necessary initializations

like asking the user to enter the name of the protocol
to be verified and assigning a bound on the input queues
of processes and running function exhaustfor CRA or PRA
Aok ok sk ok sk ok ok sk ok ok sk ok ko /

void main(){

top2:

int hh=0;

maxh=0;

for (hh=0; hh<HASHSIZE ; hh++)

hnum[hh]=0;

myfile= initializel();

cout << "Enter length of queue: " ;

cin >> lenq ;

menu client;

time_t first, second;

table=new rell[Digit];

tablep=new rel[Digit];
relationstar(client);

for(int in=1; in<=Digit; in++)

{

cout << "Table" << endl;

//This table illustrates the graph G_R in the thesis

for(int jk=1; jk<=table[in-1].len; jk++)

{
cout << table[in-1].ars[jk-1];
};
cout << endl;
};
topl:
int* global=initialize2();
switch(sel)
{
case 2:

case 4: { first = time(NULL);
exhaust(global, client);
second = time(NULL);
cout << "Time passed: " << (second- first) << endl;
break; };
case 5: { exit(l); break;};
};
int choice;
cout << "Enter a new file or continue executing a tramns (0/1)"
cin >> choice;
if (choice)

{
goto topl;
}
else goto top2;
}
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APPENDIX D

QUEUE_INT.H SOFTWARE CODE

#include <stdlib.h>

class int_queue
{

int* queue;

public:

int mynumb;

int_queue(int nummembers);
int_queune();

“int_queue();

void enqueue(int s);

int dequeue();

int emptyQ(){return (mynumb == 0); }
void clearQ();

int headQ();

int isinQ(int s);

int saveQ(int s, int* savelist);

}

int int_queue:: isinQ(int s)
{

int ret=0;

for(int g=1; g<=mynumb; g++)
{

if ( queue[g-1] == s )
{ ret=g ; break;};
T
return(ret);

}
/* checks whether s is after saved signals */

int int_queue:: saveQ(int s, int* savelist)
{
int ret=1;
int k=isinQ(s);
if ( ( k>1 ) && ( !'isinSave(s, savelist) ))

{
for(int g=1; g<=k-1; g++)
{
if ( !isinSave(queue[g-1], savelist) ) ret=0;
};
}

else ret=0;
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return(ret);

}

int_queue:: int_queue(int nummembers)
{

queue=new int[nummembers];

mynumb=0;

}

int_queue:: “int_queue()

{

delete queue;

}

void int_queue:: enqueue(int c)
{
queue [mynumb] = c;
mynumb = mynumb + 1;
if (mynumb == nummembers)
cout << " Overflow of character queue " << endl;

}

int int_queue:: dequeue()
{
if (emptyQ())
cout << " Underflow of character queue" << endl;

int c¢h = queue[0];
mynumb=mynumb-1;
for(int h=1;h<=mynumb;h++)

{
queue [h-1]=queue[h] ;
}
return ch;
}
void int_queue:: clearQ()
{
mynumb=0;
}

int int_queue:: headQ()
{
int ch = queue[0];
return ch;

}
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APPENDIX E

STACK.H SOFTWARE CODE

struct mytype{
int* stateno ;
int** global_queue;
mytype O{
global_queue=new intx*[Digit];
stateno=new int[Digit];
gq++; stnt++;
};
“mytype (){
delete [lglobal_queue;
delete [] stateno;
gq--; stn--;
’

};

typedef struct
{
int maxsize;
int curtop;
mytype **mem;
} stack;

void clearstack(stack *s)
{
s=>curtop=0;

};

int isempty(stack *s)
{
return s->curtop == 0;

};

stack * newstack(int maxsize)
{

stack *s=new stack;
s->maxsize=maxsize;
s->mem=new mytype*[maxsize];
clearstack(s);

return s;

};
void delstack(stack *s)

{

delete s->mem;
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delete s;
};

void push(stack *s, mytype *c)
{

if (s->curtop < s->maxsize)

{
s->mem[s->curtopl=c;
s->curtop++;
}
else
cout << "stack overflow" << endl;
}

mytype * pop(stack *s)
{

if (s->curtop > 0 )
return s->mem[--s->curtop];
else
cout << "stack underflow" << endl;
};

mytype * top(stack *s)

if (s=>curtop > 0 )
return s->mem[s->curtop-1];
else
cout << "stack underflow" << endl;
};
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APPENDIX F

ISDN SPECIFIED IN INPUT LANGUAGE OF POVSDL

Process_number 6
Process 3

Input_queue
Transition_number 250

State 0

Save

+ 1
Next_State 1
State 0

Save

+ 2
Next_State 0
State 0

Save

+ 3
Next_State 0
State 0

Save

+ 4
Next_State 12
State 0

Save

+ 13
Next_State 3
State 0

Save

+ 14
Next_State 0
State 0

Save

+ 15
Next_State 0
State 0

Save

+ 33
Next_State 0
State 0

Save

+ 36
Next_State 0O
State 0

Save

+ 38

Next_State 0
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State 0

Save

+ 39
Next_State 0
State 0

Save

+ 40
Next_State 0
State 0

Save

+ 41
Next_State 0O
State 0

Save

+ 42
Next_State 0
State 0

Save

+ 43
Next_State 0
State 0

Save

+ 44
Next_State 0
State 0

Save

+ 45
Next_State 0
State 0

Save

+ 46
Next_State 0
State 0

Save

+ 47
Next_State 0
State 0

Save

+ 66
Next_State 0
State 0

Save

+ 67
Next_State 0O
State 0

Save

+ 75
Next_State 0O
State 0

Save

+ 76
Next_State 0
State 12
Save

- 67 toProcess 3
Next_State 2
State 1

Save 66$67$
+ 1
Next_State 1
State 1

Save 66$67$
+ 2
Next_State 1
State 1

Save 66$67$
+ 3
Next_State 1
State 1
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Save 66$67$
+ 4
Next_State 13
State 1

Save 66$67$
+ 13
Next_State 205
State 1

Save 66$67$
+ 14
Next_State 0
State 1

Save 66$67$
+ 15
Next_State 1
State 1

Save 66$67$
+ 33
Next_State 1
State 1

Save 66$67$
+ 36
Next_State 1
State 1

Save 66$67$
+ 38
Next_State 1
State 1

Save 66$67$
+ 39
Next_State 1
State 1

Save 66$67$
+ 40
Next_State 1
State 1

Save 66$67$
+ 41
Next_State 1
State 1

Save 66$67$
+ 42
Next_State 1
State 1

Save 66$67$
+ 43
Next_State 1
State 1

Save 66$67$
+ 44
Next_State 1
State 1

Save 66$67$
+ 45
Next_State 1
State 1

Save 66$67$
+ 46
Next_State 1
State 1

Save 66$67$
+ 47
Next_State 1
State 1

Save 66$67$
+ 66
Next_State 1
State 1

Save 66$67$
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+ 67
Next_State 1

State 1

Save 66$67$
+ 75
Next_State 1
State 1

Save 66$67$
+ 76
Next_State 1
State 13
Save

- 67 toProcess 3
Next_State 1
State 205
Save

- 68 toProcess 6
Next_State 206
State 206
Save

- 71 toProcess 7
Next_State 4
State 2

Save 67%

+ 1
Next_State 1
State 2

Save 67%

+ 2
Next_State 2
State 2

Save 67%

+ 3
Next_State 2
State 2

Save 67%

+ 4
Next_State 12
State 2

Save 67%

+ 13
Next_State 3
State 2

Save 67%

+ 14
Next_State 0
State 2

Save 67%

+ 15
Next_State 0
State 2

Save 67%

+ 33
Next_State 2
State 2

Save 67%

+ 36
Next_State 2
State 2

Save 67$

+ 38
Next_State 2
State 2

Save 67%

+ 39
Next_State 2
State 2

Save 67%

+ 40
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Next_State
State 2
Save 67$

+ 41
Next_State
State 2
Save 67$

+ 42
Next_State
State 2
Save 67%

+ 43
Next_State
State 2
Save 67%

+ 44
Next_State
State 2
Save 67%

+ 45
Next_State
State 2
Save 67%

+ 46
Next_State
State 2
Save 67%

+ 47
Next_State
State 2
Save 67%

+ 66
Next_State
State 2
Save 67%

+ 67
Next_State
State 2
Save 67%

+ 75
Next_State
State 2
Save 67%

+ 76
Next_State
State 3
Save

+ 1
Next_State
State 3
Save

+ 2
Next_State
State 3
Save

+ 3
Next_State
State 3
Save

+ 4
Next_State
State 3
Save

+ 13
Next_State
State 3
Save

+ 14
Next_State

205

20
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State 3

Save

+ 15
Next_State
State 3
Save

+ 33
Next_State
State 3
Save

+ 36
Next_State
State 3
Save

+ 38
Next_State
State 3
Save

+ 39
Next_State
State 3
Save

+ 40
Next_State
State 3
Save

+ 41
Next_State
State 3
Save

+ 42
Next_State
State 3
Save

+ 43
Next_State
State 3
Save

+ 44
Next_State
State 3
Save

+ 45
Next_State
State 3
Save

+ 46
Next_State
State 3
Save

+ 47
Next_State
State 3
Save

+ 66
Next_State
State 3
Save

+ 67
Next_State
State 3
Save

+ 75
Next_State
State 3
Save

+ 76
Next_State
State 90

92

18

90
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Save

NONE
Next_State 3
State 90

Save

NONE
Next_State 205
State 92

Save

NONE
Next_State 243
State 92

Save

NONE
Next_State 3
State 18

Save

NONE
Next_State 278
State 18

Save

NONE
Next_State 3
State 278

Save

- 19 toProcess 4
Next_State 3
State 20

Save

- 67 toProcess 3
Next_State 3
State 4

Save 2§$

+ 1

Next_State 4
State 4

Save 2%

+ 2

Next_State 4
State 4

Save 2$

+ 3

Next_State 120
State 4

Save 2$

+ 4

Next_State 31
State 4

Save 2%

+ 13
Next_State 4
State 4

Save 2%

+ 14
Next_State 4
State 4

Save 2%

+ 15
Next_State 208
State 4

Save 2%

+ 75
Next_State 109
State 4

Save 2%

+ 33
Next_State 4
State 4

Save 2§$



+ 36
Next_State 4
State 4

Save 2%

+ 38
Next_State 100
State 4

Save 2%

+ 39
Next_State 107
State 4

Save 2%

+ 40
Next_State 4
State 4

Save 2§$

+ 41
Next_State 4
State 4

Save 2%

+ 42
Next_State 4
State 4

Save 2$

+ 43
Next_State 4
State 4

Save 2%

+ 44
Next_State 4
State 4

Save 2%

+ 45
Next_State 4
State 4

Save 2$

+ 66
Next_State 4
State 4

Save 2%

+ 67
Next_State 4
State 4

Save 2%

+ 76
Next_State 4
State 208
Save

- 69 toProcess 6
Next_State 0

State 100

Save

NONE
Next_State 4
State 100

Save

NONE
Next_State 209
State 209

Save

- 69 toProcess 6
Next_State 210
State 210

Save

- 70 toProcess 7
Next_State 6
State 107

Save

NONE
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Next_State 4

State 107

Save

NONE
Next_State 108
State 108

Save

- 69 toProcess 6
Next_State 3

State 109

Save

NONE
Next_State 256
State 109

Save

NONE
Next_State 111
State 256

Save

- 68 toProcess 6
Next_State 4
State 111

Save

- 23 toProcess 4
Next_State 3

State 120

Save

NONE
Next_State 4
State 120

Save

NONE
Next_State 280
State 280

Save

- 66 toProcess 3
Next_State 4
State 31

Save

- 67 toProcess 3
Next_State 4

State 5

Save

+ 1
Next_State 5
State 5

Save

+ 2
Next_State 5
State 5

Save

+ 3
Next_State 5
State 5

Save

+ 4
Next_State 42
State 5

Save

+ 13
Next_State 5
State 5

Save

+ 14
Next_State 5
State 5

Save

+ 15

Next_State 212



State 5

Save

+ 33
Next_State 5
State 5

Save

+ 36
Next_State 5
State 5

Save

+ 38
Next_State 130
State 5

Save

+ 39
Next_State 131
State 5

Save

+ 40
Next_State 5
State 5

Save

+ 41
Next_State 5
State 5

Save

+ 42
Next_State 5
State 5

Save

+ 43
Next_State 5
State 5

Save

+ 44
Next_State 5
State 5

Save

+ 45
Next_State 5
State 5

Save

+ 46
Next_State 5
State 5

Save

+ 47
Next_State 5
State 5

Save

+ 66
Next_State 5
State 5

Save

+ 67
Next_State 5
State 5

Save

+ 75
Next_State 135
State 5

Save

+ 76
Next_State 5
State 212
Save

- 69 toProcess 6
Next_State 0
State 213
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Save

- 69 toProcess 6
Next_State 3
State 130

Save

- 69 toProcess 6
Next_State 3

State 131

Save

NONE
Next_State 213
State 131

Save

NONE
Next_State 5
State 135

Save

- 24 toProcess 4
Next_State 3
State 214

Save

- 68 toProcess 6
Next_State 5
State 42

Save

- 67 toProcess 3
Next_State 5
State 215

Save

- 71 toProcess 7
Next_State 214
State 49

Save

- 66 toProcess 3
Next_State 6

State 185

Save

NONE
Next_State 281
State 185

Save

NONE
Next_State 6
State 281

Save

- 71 toProcess 7
Next_State 217
State 217

Save

- 68 toProcess 6
Next_State 6
State 218

Save

- 68 toProcess 6
Next_State 219
State 219

Save

- 71 toProcess 7
Next_State 7

State 6

Save

+ 1

Next_State 205
State 6

Save

+ 2

Next_State 215
State 6

Save
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+ 3

Next_State
State 6
Save

+ 4
Next_State
State 6
Save

+ 13
Next_State
State 6
Save

+ 14
Next_State
State 6
Save

+ 15
Next_State
State 6
Save

+ 33
Next_State
State 6
Save

+ 36
Next_State
State 6
Save

+ 38
Next_State
State 6
Save

+ 39
Next_State
State 6
Save

+ 40
Next_State
State 6
Save

+ 41
Next_State
State 6
Save

+ 42
Next_State
State 6
Save

+ 43
Next_State
State 6
Save

+ 44
Next_State
State 6
Save

+ 45
Next_State
State 6
Save

+ 46
Next_State
State 6
Save

+ 47
Next_State
State 6
Save

+ 66

49

59

224

205

219

54

147

205

151

205

205

205

205

205

205

92



Next_State 185

State 6

Save

+ 67
Next_State 6
State 6

Save

+ 75
Next_State 218
State 6

Save

+ 76
Next_State 218
State 219

Save

- 69 toProcess
Next_State 220
State 220

Save

- 69 toProcess
Next_State 221
State 221

Save

- 71 toProcess
Next_State 3
State 54

Save

- 19 toProcess
Next_State 6

State 147

Save

NONE
Next_State 205
State 147

Save

NONE
Next_State 6
State 151

Save

NONE
Next_State 209
State 151

Save

NONE
Next_State 153
State 151

Save

NONE
Next_State 205
State 153

Save

- 68 toProcess
Next_State 6
State 224

Save

- 69 toProcess
Next_State 225
State 225

Save

- 71 toProcess
Next_State 0
State 59

Save

- 67 toProcess
Next_State 6

State 7
Save 66%
+ 1

Next_State 205
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State 7
Save 66%

+ 2
Next_State
State 7
Save 66$

+ 3
Next_State
State 7
Save 66%

+ 4
Next_State
State 7
Save 66%

+ 13
Next_State
State 7
Save 66$

+ 14
Next_State
State 7
Save 66$

+ 15
Next_State
State 7
Save 66%

+ 33
Next_State
State 7
Save 66%

+ 36
Next_State
State 7
Save 66%

+ 38
Next_State
State 7
Save 66%

+ 39
Next_State
State 7
Save 66$

+ 40
Next_State
State 7
Save 66%

+ 41
Next_State
State 7
Save 66$

+ 42
Next_State
State 7
Save 66$

+ 43
Next_State
State 7
Save 66%

+ 44
Next_State
State 7
Save 66%

+ 45
Next_State
State 7
Save 66$

+ 46
Next_State
State 7

234

67

77

238

205

242

68

205

205

181

181

181

205

205

205
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Save 66$

+ 47
Next_State 205
State 7

Save 66%

+ 66
Next_State 7
State 7

Save 66%

+ 67
Next_State 7
State 7

Save 66$

+ 75
Next_State 205
State 7

Save 66%

+ 76
Next_State 7
State 234

Save

- 68 toProcess
Next_State 235
State 235

Save

- 71 toProcess
Next_State 5
State 67

Save

- 66 toProcess
Next_State 7
State 68

Save

- 19 toProcess
Next_State 7
State 238

Save

- 69 toProcess
Next_State 239
State 239

Save

- 71 toProcess
Next_State 0
State 242

Save

- 69 toProcess
Next_State 243
State 243

Save

- 70 toProcess
Next_State 6
State 181

Save

- 69 toProcess
Next_State 248
State 248

Save

- 70 toProcess
Next_State 202
State 77

Save

- 67 toProcess
Next_State 7
End_process 3

Process 4
Input_queue

Transition_number 24

State 0
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Save

+ 19
Next_State
State 0
Save

+ 23
Next_State
State 0
Save

+ 24
Next_State
State 0
Save

+ 60
Next_State
State 0
Save

+ 61
Next_State
State 0
Save

+ 62
Next_State
State 0
Save

+ 64
Next_State
State 0
Save

+ 65
Next_State
State 0
Save

+ 74
Next_State
State 1
Save

+ 19
Next_State
State 1
Save

+ 23
Next_State
State 1
Save

+ 24
Next_State
State 1
Save

+ 60
Next_State
State 1
Save

+ 61
Next_State
State 1
Save

+ 62
Next_State
State 1
Save

+ 64
Next_State
State 1
Save

+ 65
Next_State
State 1
Save
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+ 74

Next_State 7
State 3

Save

- 13 toProcess 3
Next_State 259
State 259

Save

- 73 toProcess 5
Next_State 1
State 4

Save

- 72 toProcess 5
Next_State 290
State 290

Save

- 14 toProcess 3
Next_State 0
State 7

Save

- 73 toProcess 5
Next_State 263
State 263

Save

- 15 toProcess 3
Next_State 0O
End_process 4

Process 5
Input_queue
Transition_number 6

State 0

Save

+ 72
Next_State 1
State 0

Save

+ 73
Next_State 0O
State 1

Save

+ 73
Next_State 0
State 1

Save

+ 72
Next_State 1
State 1

Save

NONE
Next_State 2
State 2

Save

- 74 toProcess 4
Next_State 0
End_process 5

Process 6
Input_queue
Transition_number 6
State 0

Save

+ 68
Next_State 1
State 0

Save

+ 69
Next_State 0
State 1



Save

+ 69
Next_State 0
State 1

Save

+ 68
Next_State 1
State 1

Save

NONE
Next_State 2
State 2

Save

- 75 toProcess 3
Next_State 0
End_process 6

Process 7
Input_queue
Transition_number 6
State 0

Save

+ 70
Next_State 1
State 0

Save

+ 71
Next_State 0
State 1

Save

+ 71
Next_State 0
State 1

Save

+ 70
Next_State 1
State 1

Save

NONE
Next_State 2
State 2

Save

- 76 toProcess 3
Next_State 0O
End_process 7

Process 9
Input_queue
Transition_number 21
State 0

Save

- 60 toProcess 4
Next_State 1
State 1

Save

- 62 toProcess 4
Next_State 3
State 3

Save

- 64 toProcess 4
Next_State 4
State 4

Save

- 65 toProcess 4
Next_State 5
State 5

Save

- 61 toProcess 4
Next_State 6



State 6

Save

- 1 toProcess
Next_State 7
State 7

Save

- 2 toProcess
Next_State 8
State 8

Save

- 3 toProcess
Next_State 9
State 9

Save

- 4 toProcess
Next_State 12
State 12

Save

- 33 toProcess
Next_State 14
State 14

Save

- 36 toProcess
Next_State 16
State 16

Save

- 38 toProcess
Next_State 17
State 17

Save

- 39 toProcess
Next_State 18
State 18

Save

- 40 toProcess
Next_State 19
State 19

Save

- 41 toProcess
Next_State 20
State 20

Save

- 42 toProcess
Next_State 21
State 21

Save

- 43 toProcess
Next_State 22
State 22

Save

- 44 toProcess
Next_State 23
State 23

Save

- 45 toProcess
Next_State 24
State 24

Save

- 46 toProcess
Next_State 25
State 25

Save

- 47 toProcess
Next_State 25
End_process 9
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