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Abstract

Conformance Testing and Formal Description Techniques (FDT) are two areas
which appear to be very related. Unfortunately however, this relation has not been exploited
in practice. People dealing with testing usually use informal or semi-formal notations for
generating test cases. On the other hand, FDT experts design formal specifications which
are not used in test generation. Since test suites have already been obtained without using
FDTs and proposed as standards, it seems natural to validate these test suites against for-
mal specifications.

The topic of this thesis is to validate the test suite of the data link layer of X.25, the
Link Access Protocol Balanced mode (LAP-B) of a Data Terminating Equipment (DTE).
This validation is done by generating test cases from a specification in the FDT LOTOS
(Language Of Temporal Ordering Specification) of the DTE LAPB and by comparing test cas-
es obtained with those proposed as standards. Since no complete LAPB specification exist-
ed at the time this work was done, such a specification had to be written and debugged. This
is the first ime the LAPB protoco! has been completely specified in LOTOS; thus, formulat-
ing this specification in a significant contribution of this thesis.

The thesis is structured as follows: in chapter 1, overviews of FDTs and Conform-
ance Testing are presented, together with the thesis objective. The next chapter covers con-
cepts related to the LOTOS language. Chapter 3 describes the design of the DTE LAPB in
LOTOS. 1In chapter 4, test suite generation is discussed. Finally, the conclusion of the the-
sis follows in chapter 5. The LAPB specification written in LOTOS .is given in Appendix A.

In Appendix B, we present trees used in the case generation from the LOTOS LAPB specifi-
cation.
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Chapter I. Introduction

1.1 Background

As interconnection of computer networks has become more common, the necessity to
produce open systems, systems which are capable of interworking with a vast variety of oth-
er systcms, has become a requirement. This has led the International Organization for Stan-
dardization (ISO) to work on the development of international standards for Open Systems
Interconnection (OSI).

In order to communicate meaningfully, all open systems must conform to these stan-
dards. This conformance implies tha: different implementors hold common interpretation of
the standards, which requires the standards to be specified in notations that do not leave any
space for ambiguity or impreciseness. This is a difficult task to achieve if the standards are
specified in informal methods, consisting of natural languages or various semi-formal nota-
tions, which has been the case so far.

To provide for common interpretation of the standards, ISO has developed two com-
plementary approaches: the use of FDT for specifying formally protocols and services, and
precise methods for specifying and executing tests of conformance.

1.2 Formal Description Techniques

The main objectives of FDT’s are to allow the production of OSI standards speciﬁcﬁ-'
tions that are unambiguous, precise and complete and to provide a formally well-defined ba-
sis for verification and validation of the standards as well as for the conformance testing of
their implementation [BB]. | '

Formalization of protocols specifications is important, if not essential, for improving
the productivity of conformance test suite design and development. Apphcanons of formal-
ized specxﬁcauons are [BGPU]:

-- possibility of automatmg or semi-automating the generation of test cases.
-- validation of the specification. : .

-- validation of a test suite against the formalized specification.

-- pos'sibility"of generating an implerrientaq’on from the formal specification.



The original means of specifying protocols was with Finite State Machines (FSM).
Then, languages based on Extended Finite State Machine (EFSM), like ESTELLE, have ap-
peared. More recently, LOTOS has been proposed as a language for épecif)dng OSI proto-
cols and services.

LOTOS has a different philosophy from EFSM-based languages. These are useful
for describing reference implementations of OSI standards, while LOTOS, because of its ab-
stractness, allows one to produce implementation-independent specifications.

The strong mathematical basis of LOTOS allows it to have a precise formal seman-
tics. An important feature of the semantics of LOTOS is that, even if it allows executability,
it admits a "process algebra’ making possible the development of proof methods. However,
such methods are not practical for specifications of realistic size, so this area requires much
additional work.

The communication is synchronous in LOTOS, while it is asynchronous in languages
like ESTELLE. As far as parallelism is concerned, LOTOS is very powerful in its capability
to describe process interaction, while for EFSM based languages process parallelism is very
limited.

Although it is a "young’ language, LOTOS posses tools which allow checking of syn-
tax and semantics or carrying out simulation. Also, tools (validation toolsj are available for
EFSM-based languages. Finally, note that the expressive power of LOTOS makes it also
suitable for concurrent, distributed systems.

1.3 Test of Conformaﬁce

The purposc of conformance testing is to increase the probability that different implé-
mentations are able to interwork. This is achieved by verifying them by means of a protocol
test suite, thereby increasing the confidence that each implementation conforms to the proto-
col specification. Confidence in conformance to a protocol specification is particularly impor-
tant when’equipment supplied by different vendors is required to interwork [(ISO9].

However, it should be noted that the complexity of most protocols makes exhaustive
tcsting'impractical_ on both technical and economical points of view. Also, testing cannot
guarantee conformance to a ‘specification since it detects the presence of errors rather than
 their absence. | ' |



Currently, test methods for protocols usually derive test suites manually from infor-
mal or semi-formal descriptions. In this way, incompatible sets of test suites could possibly
be derived from different interpretations of the standard, if the organizations involved in test
generation work separately. However, collaboration that occurs between major corporations
and standard bodies tends to reduce or eliminate this possibility. Also, a number of test
suites have been proposed as international standards.

1.4 Test Case Derivation from Formal Specifications

It would be more appropriate to generate test cases from protocols specified in FDT
notations since these provide a means for protocol description in a precise and unambiguous
manner. But this assumes the existence of methods which allow the derivation of test cases
from formal specifications. Also, tools which implement these methods would be very help-
ful. For FSM, there are methods and tools allowing the derivation of test cases for control
flow (see 4.2). For the EFSM based languages, there are methods and tools allowing the
derivation of test cases for data flow information [Ural).

On the other hand, it is quite understandable that there is no general method for gen-
erating test cases for LOTOS, since LOTOS is rather a 'new’ language. There exists, how-
ever, a method, with a theoretical foundation, that permits to derive test cases for the control
flow, for a limited subset of LOTOS (see 4.3).

However, it should be noted that, at the current state of the knowledge, it is difficult
to foresee the production of tools capable of generating test cases in a fully automated way.
For example, one can expect that the selection of data values has to be done b); a testing ex-
pert, on the basis of his experience.

1.5 Objective of the Thesis

As mentioned previously, current standard test suites are derived manually from in-
formal or semi-formal specifications. Since informal or semi-formal notation could lead to an
ambiguity or imprecision, incorrect test cases could be generated. Therefore it is appropriate
to validate the test cases with respect to the corresponding formal speciﬁéation.

One can argue that standard test suites were obtained by experts who spent a lot of



time in doing this. Therefore, it is possible to have confidence in these suites. Nevertheless,
it is still useful, in our view, to check the consistency of a test suite with respect to a formal
specification.

This can be done in two ways: either generate test cases from the formal specification
and then compare the obtained test cases with the given test cases; or check if the given test
cases are accepted by the formal specification. One of the advantage of the first alternative
is the possibility of obtaining some new interesting test cases.

The objective of this thesis was to validate test cases derived from a DTE LAPB
specified by a FSM with respect to a LOTOS specification of the DTE LAPB. As mentioned
in section 4.4, the test cases were derived from a LAPB FSM by B. Kanungo [Kan] and his
work was further refined in [ISO4] and [ISO5].

In our work, the first step consisted of writing a specification of the DTE LAPB in LO-
TOS. The second step consisted of validating the given test suite. The method used consist- .
ed of generating test cases from the formal specification in LOTOS of the LAPB, and then the
obtained test cases were compared with the given test cases. The derivation of test cases
from the LOTOS specification is done by a semi-automatic method based on the use of the
LOTOS interpreter.



Chapter 2. The LOTOS Language

2.1 Introduction to LOTOS

LOTOS is an FDT, developed within ISO, for the formal specification of data commu-
nications systems; however it is generally applicable to distributed, concurrent, information
processing systems. Developed in the early eighties, it is now an ISO standard (ISO 8807).

LOTOS consists of two components: the first component, based on Milner’s Calculus
of Communicating Systems (CCS) and on Hoare’s Communicating Sequential Processes .
(CSP), describes the ’control’ or ’behaviour’ part; the second component, based on ACT
ONE abstract data type formalism, describes the data’ part. LOTOS has been designed as
an executable specification language even if executability was not the primary goal of its de-
sign. Therefore tools which allow to check the static and dynamic semantics of LOTOS speci-

fications have appeared. This has the advantage of allowing testing to start at the specifica-
tion stage.,

2.2 LOTOS Concepts

A complete tutorial of LOTOS can be found in [BB]; however a brief overview of its
main concepts is presented here.

A LOTOS Spcciﬁcation consists of a data part and a behaviour part. The data part, us-
ing the abstract data typing language ACT ONE, describes the data structure manipulated
by the behaviour part. An abstract data type is an implementation independent representa-
tion of structured data; it is a combination of sorts, operations and equations. The sorts are
names of sets of elements, operations are functions on the elements, and equations describe
axioms of the type. From the information given by the data type specification syntactically
correct terms called value expressions are built. The data part will not be discussed in this
thesis.

The behaviour part is 8 combination of processes using LOTOS operators. A process
is an entity able to perform internal unobservable actions, and to interact with its environ- |
ment by means of interactions via interaction points callc;d' *gates’. The atomic form of inter-

“action is an event. An event is a unit of synchronization that may exist between two process-



es that can perform that event.
A process is written using LOTOS operators. Taking the notation below:
-- P: process name.
-- €: event.
-- A, B: prozess names or behaviour expressions.
-- C: condition evaluates to true or false.
-~ 8,8 1:82---18,; Sale names.

== V,V,¥5....V),: value expressions.

- f,f],fz...,tn: Sort types.
= XX XXl variable names.

-- op: one of the three parallel operators Ill, Il or I[I.
-- { }: what is between the symbol *(* and the symbol *}” is optional.
=- ¥\, parameter y, replaces parameter ¥
the different operators are briefly described in the following:
-« stop: deadlock,
-- &; B: event e is performed then behaviour B is done (action prefix).
-- exit {vj,...v,}: successful termination and Vi-uV, are passed to the enabled

behaviour.

--Plg J-8,l(V}-.v),): process instantiation.

-- A [] B: behaves like A or B (choice).

- [C] -> B: behaves like B if C is true.

-- A [J] B: both A and B progress in parallel (interleaving).

-- A // B: A and B must synchronize among themselves on all gates (full synchro-
nization).

-~ A /lgy8,ll B: A and B have to synchronize on gates 818y, (selected syn-

chronization). |

- hide g;.,....8, in B: any action offered by B on gates B1#-»8p Will be hidden from
the environment (hiding).

- A [> B: B can disable A and start execution at any time during the life of A, un-
less A terminates successfully. - | _ a



- A >> B: when A is successfully terminated, the execution of B is enabled
(enable).

— let XPAy=V e X L=V in B: replace the occurrence of X goeenXpy by VireV, in B
(local definition). |

-- choice g in [gy,...,8,.] in B: this is equivalent to Blgy/el 1.0 Big, /gl

-- choice x:t {] B: this is equivalent to [Vl ,x] B0O.1[ [vnlx] B where VsV, 2re
value expressions of sort t offered by the environment.

--par g in[g;,...g,] op B: this is equivalent to B[g,/g] op... op Blg,/g].

Although for reasons of space we do not discuss the data part, we give here some
common abbreviations that will be used in the thesis:

— €q: equal.

-- ne: not equal.

— I: less than.

-- le: less or equal

.~ --+! insertion of an element into a queue.

-~ $X: abbreviation allowed by the interpreter in order to enter the predefined con-
stant X.

2.3 The Use of the LOTOS Interpreter

2.3.1 Introduction

The use of an interpreter for specification languages, such as LOTOS, is very useful
even if unlike implementation languages, specification languages do not have to be’execut-
able. Actually LOTOS philosophy involves executability although it is possible to obtain LO-
TOS constructs that are difficult to execute (such constructs would have to be modified for
the specification to be executable).

The main advantage of using an interpreter is to validate the actual behaviour of a
speciﬁcatioh with respect to its intended behaviour. Another important advantage involves

test sequence generation.

At Ouawa University a LOTOS interpreter called ISLA ( Interactive System for LO-



TOS Applications ) has been implemented. This interpreter supports many functions to simu-
late the execution of a specification and to debug it. In the following we discuss only the main
functions needed in our thesis. For more details about ISLA, references [Haj] and [GHL)

can be consulted.
2.3.2 Step-by-Step Action

The basic operation of ISLA is to allow step-by-step execution of specifications. At
each step, all possible actions are offered and the user chooses the action he wants to exe-
cute next and if this action involves a choice of data the user is asked to provide it. In this
way one can check whether the actions conform to the ones expected by the designer of the
specification.

The following example taken from [BB] illustrates the step-by-step action, by show-
ing the execution of process max3. This process inputs three natural numbers in any order,
through the three gates inl, in2 and in3, and outputs the maximum of these numbers, through
gate out. Process max3 is composed by synchronizing over the hidden gate mid two instanti-
ations of process max2. Process max2 inputs two natural numbers, in any order, through
gates a and b, and outputs the maximum of these numbers through gate c. The following fig-
ure illustrates these processes.

in2 in3

inl max? mid max? out

max3

process max3[inl,in2,in3,0ut] : noexit :=
hide mid in '
(max2(inl,in2,mid] [mid]l max2[mid,in3,out])

" where



process max2[a,b,c] : noexit :=
(a?x:Nat; b ? y : Nat; ¢ ! max(x,y);stop)
1}
b ?x: Nat; a ? y : Nat; ¢ ! max(x,y);stop
endproc
endproc

First, the following three actions are offered by the interpreter. Note that the line
numbers in the specification file of the offered actions are shown at the right of these actions.

<1>-inl ?x:Nat --->bhl [17]
<2>-in2 ?x:Nat --->bh2 [19]
<3>-in3 ?x:Nat --->bh3 [19]

ACT: la[ctions][<N>] | ? { h[elp] | <action number> | <command>
=]

Enter a value for x:Nat=> $2

Arny one of the three natural numbers can be entered. The first action is chosen and
the value 2 is entered through gate inl. The following two actions are offered:

e e g e e s s s
e e e e e S T B et

<1>- in2 %y:Nat —-->bh1 [17]
'<2>-in3 x:Nat ~—->bh2 [19]

e T e e e s
———




ACT: la{ctions]{<N>] | ? t h[elp] | <action number> | <command>
=>1

Enter a value for y:Nat => $3

A natural number can be entered through either gate in2 or in3. The first action is cho-
sen and the value 3 is entered through gate in2. The following two actions are then offered.

<1>-in3 ?7x:Nat —->bhl [19]
<2>- i (hiding: mid !$3:Nat) ---> bh2 [17,17]

ACT: Ia[ctions]{<N>] | ? 1 h[elp] | <action number> | <command>
=>2
Internal event is executed
Passed evaluated value ==> $3

e e e . . P e S . S ke

In the first action offered, a natural number must be entered through gate in3. The sec-
ond action is the result of the synchronization over gate mid of the two instantiations of pro-
cess max2. This second action, in which no data is required to be entered, is chosen. Then,
the following action is offered.

<1>-in3 ?y:Nat --->bhl [17]

ACT: la[ctions][<N>] 1? | hlelp] | <action number> | <command> _
=>1 |
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Enter a value for y:Nat => $6

The value 6 is entered through gate in3 and the following action is offered

<1>- out !$6:Nat ~->bhl [17]

ACT: la[ctions]{<N>] | ? | help] | <action number> | <command>
=>1

Passed evaluated value ==> $6

The maximum value 6 which has been entered is output through gate out.

2.3.3 Process Tree

The step-by-step execution is inevitably slow, because of the interactions with the
user. For this, it is possible to obtain the symbolic tree of a given process (or of the entire

specification), where all execution paths are shown up to 2 maximum specified dcpth.‘by us-

ing symbolic execution. The predicates that involve variables whose values depend on inter-

actions with the environment are assumed to be true and are shown in the tree.

Example

The symbolic tree of process max3 is given in the following. Note that this tree shows

all possible orders of entering the three natural! numbers. The numbers which appear in the
right of each line of the tree are the line numbers in the specification file of the corresponding

actions.
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inl ?x:Nat [17]

I 1in2 ?y:Nat [17]

I11in3 ?x:Nat [19]

1111 (hiding: mid fmax(x,y):Nat) [17,19]

L1111 out Imax(x,max(x,y)):Nat [19] DEADLOCK
12 (hiding: mid !max(x,y):Nat) [17,17]

111 in3 ?y:Nat [17]

I 111 out 'max(max(x,y),y):Nat [17] DEADLOCK
[ 2 in3 ?x:Nat [19]

111in2 ?y:Nat [17]

1111 (hiding: mid !max(x,y):Nat) [17,19]

{1111 out Imax(x,max(x,y)):Nat [19] DEADLOCK
2in2 ?x:Nat [19]

I 11in1 ?y:Nat [19]

I111in3 ?x:Nat [19]

FHE11 (hiding: mid tmax(x,y):Nat) [19,19]

H111 out !max(x,max(x,y)):Nat [19] DEADLOCK
1121 (hiding: mid 'max(x,y):Nat) {19,17)

[1111in3 ?y:Nat [17]

11111 out !max(max(x,y),y):Nat [17] DEADLOCK
I 2in3 7x:Nat [19]

111inl ?y:Nat {19]

11111 (hiding: mid !max(x,y):Nat) {19,19]

11111 out !max(x,max(x,y)):Nat [19] DEADLOCK
3 in3 7x:Nat [19]

I 1inl ?7x:Nat [17]

111in2 ?y:Nat[17]

. 11111 thiding: mid !max(x,y):Nat) [17,19]

111 out !max(x,max(x,y)):Nat [19] DEADLOCK
t2in2 7x:Nat [19]

I11in] ?y:Nat [19]

1111 i (hiding: mid tmax(x,y):Nat) [19,19}
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1111 out !max(x,max(x,y)):Nat [19] DEADLOCK

2.3.4 Behaviour Tree

Since large trees are impractical to compute and read, and since they contain many un-
interesting paths, a tree is computed to a certain depth and the one-stepper method is then
used to reach a specific leaf in the tree. A tree is then computed from that node, and the
same process is repeated [Hajl. The figure given in the following shows this method. This
technique was used in the test sequence derivation of our LAPB LOTOS specification.
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2.4 Specification Styles in LOTOS
2.4.1 Introduction

The design of a specification requires to find an appropriate structure for its architec-
ture; for complex systems this task is quite difficult. Different specification styles that allow
to structure formal specifications can be used. In the following, we discuss briefly the use of
different styles for designing LOTOS specifications. A more detailed discussions, about
specification styles can be found in [VSS].

2.4.2 The Constraint Oriented Style

The most popular one, the constraint-oriented style, allows to write implementation-
independent specifications by separating concemns. This style, in which the focus on the ob-
servable ordering of events is defined by a conjunction of separate constraints, psmmits to
procuce modular, well structured specifications.

However, because constraint decomposition is done in such a way as to maximize
logical clarity rather than showing an implementation structure, it may be difficult to under-
stand the overall behaviour of the specification from the knowledge of its components and re-
lationship between them. The abstractness of this style makes specifications hard to imple-
ment. The simulation task of such specifications can be tedious, mainly because of the use of
the choice construci and the high level of parallelism (see 2.5.2). Also, since the separation
of concerns stems largely from the use of paralle! operators, the symbolic tree of such specifi-
cations will be very large (especiaily for large specifications) giving all the combinations of
predicates which correspond to constraints and many of these predicate combinations may be
contradictory. This last point is illustrated by the following example [LG]:

" (in ? x:Nat [x > 3]; out ? y:Nat [y > x]; exit -
0 )
in ? x:Nat [x <= 3]; out 13 ;exit )
- B
(in ? x:Nat; (out ? y:Nat [y < 3]; exit

14



1
out ? y:Nat [y =x]; exit) )

11in ?[x,x]:Nat {x > 3]

I T out Ny,y):Nat [y >x] [y <3}
111 exit ** EXIT SUCCEED **
I 2 out ?[y,y]l:Nat [y > x] {y = x]
I11 exit ** EXIT SUCCEED **
2 in ?{x,x]:Nat [x < 3]

i 1 out !3:Nat [3 < 3] **false**

| 2 out !3:Nat [3 =x]

I'11 exit ** EXIT SUCCEED **

In the symbolic tree of this example, it can be seen that branches (1.1) and (1.2) con-
tain predicates which are always false (because of contradictory conditions). Since the inter-
preter is not able to evaluate predicates which contain variables, these branches .are shown
in the ree. The uniform detection of contradictions is actually an undecidable problem (see

section 4.5.2.3). Note that branch (2.1) can be pruned by the interpreter because its predi-
cate contains no variables and can be evaluated to false.

2.4.3 The Monglithic Style

In this style, all possible sequences of actions are shown explicitly without distin-
guishing parts for structuring the specification. The specification appears like a tree of alter-
natives.

This style can be very useful for simple specifications but it is of little practical use for
~ designing complex specifications because of its lack of structure, its difficulty for human com-
prehension and for the fact.that it results in specifications of large size. Nevertheless, it can |
be very useful for the derivation of test cases.
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2.4.4 The State Oriented Style

In this style, the system is represented by a single resource whose internal state
space is explicitly defined.

Like the monolithic style, this style does not result in well structured specifications.
Therefore, it is not suitable for specifications where abstractness is needed. However, it is
particularly useful for specifications which are wanted to be relatively close to an implemen-
tation. Bat, for complex systems the identification of a multiplicity of state variables describ-
ing the state space can be a quite difficult task. Informal or semi-formal specifications often
include state tables; the state-oriented style can be useful to translate these tables faithfully
into LOTOS.

2.4.5 The Resource Oriented Style

In this style, the system is described by different resources which interact among
themselves through interfaces. Each resource can be specified using a constraint oriented,
monolithic or state oriented approach allowing to iteratively apply the different styles.

This style allows modularity and paralle] structures and usually specification modules
correspond to implementation modules.

2.4.6 Mixing Different Styles

From the previous discussions, it can be said that different styles meet different
needs. Consequently, depending on the goal of the specification designer, the specification
may use the constraint oriented, the monolithic, the state oriented, the resource orented or a
mixture of these styles. However, it should be noted that the four described styles are actu-
ally extremes in the sense that specifications of 'real’ systems are normally based on a mix-
ture of these styles [VSS]. '
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2.5 Some LOTOS Constructs

2.5.1 Introduction

In the following we present some LOTOS: construcis. Some of these constructs are
frequently used in existing LOTOS specifications. Others are derived from our LAPB specifi-
cation and are, from our point of view, quite interesting to present.

A shortcoming of LOTOS, as it is defined now, is that it is not possible to write speci-
fications using other predefined specifications. This feature could be easily added to LOTOS |
and may be introduced in the near future. The point is to look for frequently used specifica-
tion parts and define them as built-in processes in a library. Some of the constructs de-
scribed in the following may be used for this purpose. We shall, also, use simplified LOTOS
syntax (e.g. we shall omit gate parameters) to improve readability.

2.5.2 Dischoice Construct

In the constraint-oriented specification style, one often finds constructs such as the
following:
process releasequeuel (nr : Nat, q : pqueue) : exit(pqueue) :=
[not(isempty(q))] ->
{choice newry : pqueue, f : eframe []
[q eq (newrq --+ £)] ->

([snn(f) ne nr] -> releasequenel(nr, q)
1]
fsnn(f) eq nr] -> exit(newrq)
)

P

0

[isempty(q)] -> exit(q)
endproc

Given a queuve ¢ of elements of type eframe and a natural number ar, the process re-
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leasequeuel removes from the queue g all the elements f such that the field snn(f) is different
from nr, until an element f for which field snn(f) is equal to nr is found.

This construct may seem ’elegant’ but it is quite tedions to simulate with an inter-
preter. This is illustrated by the following execution example of process releasequeuel. To
simplify we assume that the type eframe represents octets. Each element of the queue q con-
sists of an octet and a natural number. The operation snn(f) gets the natural number of a
queue element. We assume, also, that the first time process releasequeuel is instantiated, it
is given as parameters nr equal to 3 and q as shown below:

3 11101001 | 2 1 10101010 | 11 11110000

The first two elements with the snan(f) field respectively equal to 1 and 2 must be re-

moved. The execution with an interpreter gives first the following sequence of actions:

* <1>- value for newrq:pqueue is needed for *choice’ ---> bhl [64]

ACT: la[ctions][<N>] | 7 h[elp] | <action number> | <command>
== 1

For "choice", value for newrq:pqueue must be entered
==> —+(~-+(empty,m($3,0ctet(1,1,1,0,1,0,0,1))),m($2,0ctet(1,0,1,0,1,0,1,0)))

[ra—

As shown above the data newrq is entered as equal to: | 33 11101001 | 2 | 10101010 |

e S S T T T e e e e e e e e

* <1>- value for f:eframe is needed for 'choice’ ~->bhl [64]
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ACT: la[ctions][<N>} 1 7 | hielp] | <action number> | <command>

=>1

For "choice", value for f:eframe must be entered
==>m($1,0cter(1,1,1,1,0,0,0,0))

The data f is entered as equal to ($1,0ctet(1,1,1,1,0,0,0,0)). The field snn(f) (equal to
1) is not equal to 3, therefore process releasequeuel calls itself with parameters 4 and ne-
wrq as shown before. In the next two actions (which are the same as the previous two ones):

-- the data f is entered as equal to: 2} 101010101

11101001

--the data newrq is entered as equal to: 3]

So for the actions offered which require data to be entered, we have to figure out what
queue newrq and what element f to provide such that q is equal to (newrq —+ £). This can be
a difficult task if the number of elements of q is important. If executabitity of specifications is

desired, the following construct can be used instead:

process releasequeuel (nr : Nat, q : pqueue) : exit(pqueue) :=
[isempty(q)] -> exit(q)
0
[not(isempty(q))] ->
([(nr ne (snn(firstone(q))))] ->
i
; releasequeuel (nr, removefirst(q))

)

0.
[nreq (snn(ﬁr;tone(_q)))] >

exit(q)

endproc
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This specification is equivalent to the previous one but is very easy to simulate be-
cause it is really a recursive program. No nreed of user interactions exists. Although the
"choice’ construct may result in shorter specifications, because of the fact that a simulation
was extensively used in this work, this construct was avoided. The operations firstone and
removefirst which respectively get the first element of ¢ and remove the first element of q are
defined in the sort declaration of pgueue. Note the use of the explicit internal event i before

process releasequeuel calls itself recursively, in order to avoid infinite looping.
2.5.3 Exit and Disable Constructs

When several processes synchronize among them and one process dictates the exit
condition to the others, the following construct where P dictates the exit to Q can be used:

P :=[conditioncl] ->g! x; P Qi=g?x;Q
0 [>
[condition ¢2] -> exit exit

In PIIQ, when P decides to exit, it will force a rendez-vous with the exit of Q. In other
words, process Q will have to execute the disable and exit. This construct was not used in
our case.  Another similar construct is used when several processes synchronize between
them, each one checking a different constraint, and one of them dictates the exit condition.
For example:

P:=g?x[xgt5]; P Q:=g?x[(xmod3)eq0]; Q
0 [>

g!0;exit exit

Process PlIQ accepts only numbers greater than 5 and inultiples of 3, and when 0 is
encountered the exit of P will force a rendez-vous with Q. Although this construct is comect,
each instantiation of Q creates a new disable so that P synchronizes with the a;tion 2?2x[(x
mod 3) eq 0] disabled by a certain number of nested exit of Q; the choice of any ohe of the of-
fered exits produces the same result, i.e exiting of both processes. This is illustrated by the
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following execution of PIIQ. First, the interpreter offers the following two actions:

<1>- g 7[x,x]Nat

(ge(x,$5)]

[eq(x med $3,0)] -—->bhl [22,27)
<2>- g 10:Nat

[eq(0 mod $3,0)] -->bh2 [24,27]

ACT: la[ctions}[<N>] | 71 hlelp] | <action number> | <command>
==> ]

The existing predicate(s) for this action :

[ge(x,$5)]

[eq(x mod $3,0)]
Enter a set or a value for [x,x]Nat => $9

e r———— RO s e ..
= Sl ——

The first action is chosen and the value 9 is provided for the variable x. Note that P
and Q call themselves after executing the first action, resulting in the second instantiation of
these two processes. The previous two actions are offered again, giving:

B e o o e e e e e e e S e At s e S B Sy s S
e e e e

<i>-.g 7x,x]Nat

[ge(x,$5)]

[eq(x mod $3,0)] --->bhl [22,27]
<2>- g 10:Nat

[eq(0 mod $3,0)} -—>bh2 [24,27]

e s EEEEEEEE———
—______—.._—_.-—_——‘-'——_—-————_—-._.—_—____._,__—_______.
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ACT: la[ctions][<N>] | ? | h[elp] | <action number> | <command>
=>2

The existing predicate(s) for this action :

feq(0 mod $3,0)] evaluated to true
Passed evaluated value => 0

— — e e

The second action g ! 0:Nat is chosen. After this action is executed, process Q calls it-
self, resulting in its third instantiation. Now the following three actions are offered:

— T TS S T S T T e T e e e e e ——

<I>- exit --->bhl [24,30]
<2>- exit —->bh2 [24,30]
<3>- exit —-->bh3 [24,30]

e T IR
T e e e e e e e B e e e e o bl

From this we can see that three synchronized exit actions are offered. These are the
result of the synchronization of the exit action of P with the disable exit of each one of the
three instantiations of Q. Any one of these exit actions can be chosen, yielding exiting from
the processes. This construct was not used in our LAPB specification.

However, one must be careful when using the previous construct in cases where P
‘and Q have parameters and exit values. Assume that P exits the queue queuex of integers x
such that x greater than 3 and Q outputs the queue queuey of integers y such that y greater
than 1 but as soon as x equal to 0 is encountered P and Q must exit queuex and queuey; this
could be written as shown below :

P(queuex) := g ? x ? y [x gt 3];P(x +-- queuex)
a0

g1 0?7y, exit(queuex, any queue)

Q(queuey) :=g ?x ?y [y gt i];Q(y +-- queuey)
[>
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exit(any queue, queuey)

As in the previous case, the action exit(queuex, any queue) of P synchronizes with
each one of the nested exit(any queue, any queue) and now the choice of an action between
the offered actions of synchronized exits is not the same since for each action, gueuey has a
different value. This is illustrated by the following execution example of process PlIQ. First,
the following two actions are offered:

—— ——— —— —__%_—_____-—_‘——_—————_____

<I>- g 7[x,x]Nat Ay,y]Nat
[gt(x,$3)
[gt(y,$1)] -->bhl [42,51]
<2>- g 10:Nat 7[y,y]Nat
fgt(y,$1)] -—->bh2 [46,51)

ACT: Ia[ctions][<N>] | 7 | h[elp] | <action numbers> | <command>
==> ]
The existing predicate(s) for this action :
[5t(x,$3)]
[y, $1)]
Enter a set or a value for [x,x]Nat => $4
Enter a value for [y,y]Nat => $2

——. e . . ey

e
——

The first action is chosen and the values 4 and 2 are entered for respectively x and y.
After executing this action, P and Q call themselves resulting in their second instantiation
and the same two actions are offered again:

<1>- g Ax,x]Nat ?[y,y]Nat
{gt(x,$3)]
[gi(y,$1)] -—> bhl [42,51]
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<2>- g 10:Nat [y,y]Nat
[gt(y,$1)] -—>bh2 [46,51]

B e ————— ——— —— . T

ACT: la[ctions][<N>] | 7 | h[elp] | <action number> | <command>
==>2
The existing predicate(s) for this action :

[et(y.$1)]
Passed evaluated value =>(

The second action g !0:Nat is chosen. After this action is executed, process Q calls it-
self resulting in its third instantiation and the following three actions are offered:

<I>- exit !--+(empty,$4):nqueue !--+(--+(empty,$3),$2):nqueue ---> bhl
[47,54]

<2>- exit --+(empty,$4):nqueve !--+(empty,$2):nqueue --->bh2 [47,54]
<3>- exit !-+(empty,$4):nqueue lempty:nqueue —->bh3 [47,54)

bt e s S St et et et e, e, ., .. e e S ., et e e P S A e e e e e e s
e e e e e e e e e e e e e B e T e S s s

From this we can see that three synchronized exit actions are offered. In each action
the variable queuey has a different value. This is the result of the synchronization of the exit
of P with the exit of each of the three instantiations of Q. For each instantiation, queuey has
a different value. Therefore, we have a situation of nondeterminism where different exits
cause different values to be passed to the enabled process. This construct was not used in
our specification. |

Another exit construct is when ‘any one of the processes is able to terminate all oth-
ers. Suppose that any of the three processes P, Q and R must be able to terminate all others;
this could be written as:



P :=(...;P) [] [condition] -> exit(1)
[> (exit(2) [ exit(3))

Q := (... ;Q) [] [condition] -> exit(2)
[> (exit(1) { exit(3))

R :=(...;R) [] [condition] -> exit(3)
[> (exit(1) [J exit(2))

Unfortunately each process must know the exit parameters of all others which is not
really modular. Also if we have n processes, (n-1) exits must appear in the disable part of
each process; this is quite inconvenient if n is large. Note that putting the exit{any) action in
the disable part of each process would not be correct, because then it would be possible for
all processes to synchronize on exit at the very beginning. In this case, processes P, Q and
R would be written as process P below.

P:=(..;P)
[> exit(any)

Another way to resolve this problem is to introduce a new gate p and assign to each
process a different number; this could be written as: |

P:=(...;P) [] [condition p1] -> p ! 1; exit
[>p ?x[(x re 1) and (x le n)); exit

Q:=(...;Q [ [condition g1] -> p ! 2; exit
[>p ? x [(x ne 2) and (x le n)J; exit

R =(..;R) [ [condition rl] ->p! 3; exit
[>p ?x [(x ne 3) and (x le n)]; exit

- Some people could say that this solution is not as elegdnt as the prcvidus one; how-
eve';' it provides modularity and a shorter code. The modularity is due to the fact that a pro-
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cess does not have to know the number assigned to the other processes.  This construct
was not used in our LAPB specification.

The following construct has been used in the LAPB specification. A process S con-
tains three processes P, Q and R. Process P can, in two cases, terminate its execution and
activate a process Q. The first case is when Q disable P, The second case is when P syn-
chronizes, through 2 hidden gate p, with process R, which in its tum, synchronizes with Q.

This has been written as:

S :=({P0,n2)
[>
Q
Ifp]l
R

P(n1,n2) :=[nl1tn2] > (... ;P(nl +1,n2))

[
[nl eq n2] -> p ! Ireset; stop

Q :=phl ? f [condition q1] (...)
0

p ! causelreset; ( ...)

R :=p!lreset
;p ! causelreset
sexit

Process P has as parameters nl and n2. The first time it is instantiated, the value of
n] is 0 and each time P calls itself nl is incremented. Process P terminates its execution and
pro;:ess Q starts its execution in two situations. The first one is, by way of disable, when Q
receives, through gate phl, a data f which fulfills condition ql. The second situation is when P
 has called itself n2 times. In this case, P synchronizes with R over the action p ! lreset. R, in
| its turn, synchronizes with Q over the action p ! causelreset, enablmg Q to start execunon' |
In the LAPB specification, process S corresponds to process dataphase, process P corme-
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sponds to process inforphase, process Q cormesponds to process linkreset and process R cor-
responds to process causelinkreset.
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Chapter 3. Design of the LAPB Specification in LOTOS

3.1 Introduction

This section describes our LOTOS specification of the X.25 data link layer LAPB de-
fined in the ISO/DIS 7776 [1SO8). The ISO/DIS 7776 specifies the X.25 level two LAPB in-
terface operation as viewed by the DTE. The interface between LAPB and X.25 network lay-
er is not defined in the ISO/DIS 7776. For this, primitives that allow communication between
X.25 and LAPB, have been defined.

LAPB specification can be accessed through a gate called *DL’. For example:

DL ? p: primitive [IS-CON-REQ(p)]

represents the possible occurrence of a connection request. The gate *phl’ is the gate
in which transmission and reception of frames is done by the DTE. This gate should be hid-
den, but in order to show more clearly the trees used in the test case generation (see 4.5.4),
we made it visible. Figure 3.1 shows the gate configuration of the specification.

— Gate di
O

LAPB
)

“___ Gate phl

Figure 3.1- Gate Configuration of the Specification

3.2 LAPB Architecture

The generation of test sequences for the LAPB specification is based on the use of
the symbolic tree. The specification is quite large, so for our purposes it is not practical to
write the whole specification as separate constraints because'this will result in huge symbol-
. ic trees. For this reason the specification is separated in different phases (Connection Phase,
Data Phase and Termination Phase) of a LAPB DTE; then for each phase symbolic trees are -
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generated.

For the Connection Phase, waitingresponse and waitresponsedm processes are writ-
ten as several processes participating in a multiway rendez-vous because the obtained tree
is manageable since these processes are not too large,

Beside the fact that we wanted the symbolic trees to be of reasonable size, we want-
ed also the specification to be relatively close to an implementation. For this reason, state
variables have been considered in the Data Phase (process infphase).

A point worth mentioning is the treatment of timers. A timer is described as a pro-
cess, as shown below, which is composed in parallel with the processes that use it, and .
share with it a gate t. On this gate, operations such as swart, expired, and reset are possi-
ble. A process can start or reset a timer, where a reset is modeled as disabling the timer.
Similarly, a timer can perform an expiration, which is prefixed by an internal action and caus-
es a disable in the main process. This treatment was found adequate for our problem.

process Timer(t] : exit :=
t 1 start
¢l
; t ! expired; exit
[> t ! reset; exit)
endproc

3.3 Validation of the LAPB Specification.

This specification has been extensively tested using the LOTOS interpreter of the
University of Ottawa and as far as we were able to determine is con51stent with the ISO/DIS
7776 LAPB description.

First, the three main components of the specification, the link set-up phase, the data
transfer phase and the termination phase, were tested separately, by doing step-by-step ac-
tion. In each phase, we tested all the proper Protocol Data Units (PDUs) (i.e. PDUs which
are syntactically correct and also acceptable at the cﬁrrent state of the DTE), since the num-
ber of such PDUs is limited. In each phase, also, we tested some inopportune PDUs
(syntactically correct PDUs but arriving at an inappropriate state of the DTE), since the num-
ber of such PDUs is quite 1mportant compared with the number of proper PDUs. Concemmg
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improper PDUs (syntactically incorrect PDUs), we tested one PDU per condition in each
phase. For example, for the condition incorrect PDU length, we tested only an RR frame
with an incorrect length, .

The link set-up phase and the termination phase are quite simple. The data ransfer
phase is more complex. For this reason, we again divided this phase into two parts: the nor-
mal data transfer phase and the link reset phase, and we tested each part separately.

| After the different parts of the specification were tested, tests were done on the
whole specification. For this, some proper PDUs were used.

One can note, also, that the generated symbolic execution trees, used in test case
generation, were another tool for specification validation. These trees were thoroughly com-
pared with the LAPB state tables of [KLPU].

3.4 LAPB Specification

The data link layer provides the DTE with three basic functions:

-- link initialization: necessary for the DTE to begin communication in a known
state.

-- flow control: controls the flow of frames between the DTE and the other station.
-- error control: provided in two forms:
- a cyclic redundancy check.

-- use of sequence numbers to ensure against losing entire frames.

The DTE communicates with the remote entity by sending and receiving frames; there
are nine different frames separated in three groups. This is shown in Table 3.1.
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Type Symbol Meaning
I I Information (contains the data)
RR Receive Ready
S RNR Receive Not Ready
REJ REJect
SABM Set Asynchronous Balance Mode
SABME Set Asynchronous Balance Mode Extended
DISC DISConnected
U
UA Unnumbered Acknowledgement
DM Disconnect Mode
FRMR FRaMe Reject

Table 3.1 - Frame Types

The formal description of LAPB is a parameterized speciﬁcatiop with five parameters:
n2, k , resolvecollis, senddmoption and tmode. The value of n2 indicates the maximum num-
ber of attempts that are made by the DTE to complete the successful transmission of a frame
to the remote entity. The value of k indicates the maximum number of sequentially numbered
I frames that the remote entity may have outstanding (i.e unackowledged) at any given time.
The value of & does not exceed seven for modulo eight operations and one hundred and twen-
ty seven for modulo one hundred and twenty eight operations. The variable resolvecollis indi-
cates what kind of actions to be done by the DTE in case of collision of frames during Link
Set Up Phase or Disconnection Phase (see process collision). The boolean parameter send-
dmoption is true in case where the DTE has the option of asking the Temote entity to set up
the link. The parameter tmode indicates which one of the two operation mode is supported by
the DTE:
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—basic operation (modulo eight).
-—-extended operation (modulo one hundred and twenty eight).

The specification is structured as shown in the following:
specification  X.25linklayer[dl,phl] (n2k,resolvecollis : Nat, senddmoption : Bool,
tmode : mmode) : noexit
library
NaturalNumber, Boolean, Bit, BitString
endlib
< data part description >
behaviour
< behaviour part description >
endspec

3.4.1 Data Type Part

For each type, the starting and ending line numbers of the type as shown in the Ap-
pendix A, are given between brackets.

Primitive Type (427-470)

The communication between LAPB and X.25 is done by means of these primitives.
The auxiliary function eval that maps a primitive to a natural number is defined in order to
simplify the specification of the boolean operators defined on the primitives, The primitives
dl_data_req and dl_data_ind have as parameter a packet. A packet is defined as a string of
bits.
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Frame Type (205-335)

The figure below shows the structure of an I frame:

flag | address | control | packet | frame check sequence (FCS) flag

The figure below shows the structure of an S or U frame:

flag | address | control | frame check sequence (FCS) |flag

The auxiliary function h that maps a frame to a natural number is defined in order to
simplify the specification of the boolean operators defined on the frames. The different func-
tions make allow to build a supervisory, an unnumbered or an information frame, given the
components of the frame. The boolean functions is determine the type of a given frame.

Flag Type (95-106)

All frames must start and end with the flag field which is a constant known value. The
operation flagging represents a flag. The function noflagging makes a flag to be incorrect. The
boolean function is_flag determines if the flag is correct or not.

Address Type (69-93)

The address field identifies a frame as either a comm..ad or a response frame. A com-
mand frame contains the address of the station to which the command is being sent. A re-
sponsc frame contains the address of the station sending the frame.

Command frames sent by the DTE contains the address "b" while response frames'
sent by the DTE contains the address "a". The functions is_a and is_b determine the content
of the address field of a frame and therefore if it is a command frame or response frame. The
operation corrupt_adr allows to make an address corrupted and the boolean function
is_corrupt_adr determines if an address is corrupted or not.,
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Control Type (157-183)

The control field indicates the type of commands or responses and contains sequence
number where applicable. Three types of control field corresponding to the three types of
frames, I, S and U frames, are considered. The structure of the control field is shown in figure
3.2. The three functions ctl_iframe, ctl_sframe and ctl_uframe get the control field of respec-
tively an I frame, an S frame and a U frame. Ctl_iframe has as parameters NS, P and NR,
ctl_sframe has as parameters P and NR and ctl_uframe has as parameters P/F.

These parameters have the following meaning:

-- NS: transmitter send sequence number.

-- NR: transmitter receive sequence number.

-~ P/F: poll bit when issued as a command and final bit when issued as a response.
-~ P: poll bit.

-- M: modifier function bit.

-~ S: supervisory function bit.

The function is_undef cil determines if a control field is undefined or not. The three
functions nss, nrr and pff get respectively NS, NR and PF fields of a given frame.

Control Field Bits 1 2 3 4 5 6 7 8

I format 0 NS P NR
S format 1 0 S S | PF NR
U format 1 1| M M|IPFI MM M

Figure 3.2 - Control Field Structure
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Frame Check Sequence Type (FCS) (185-196)

FCS is used for error control. The operation fc represents a non corrupted FCS; the

function corrupt_FCS makes a FCS corrupted and the boolean function is_corrupt_fes deter-
mines if a FCS is corrupted or not.

Frmrreason Type (198-203)

This field is used by the DTE in an FRMR response frame to report an error not re-
coverable by retransmission of the identical frame. The structure of this field is shown in fig-

ure 3.3. The fields Nr, NS, C/R, W, X, Y and Z are indicators about the frame which causes
the rejection condition.

Bits: 123456789101112131415161718192021222324

anlrol 0| NS | CR| NR |WX|YiZIOIDIlO
Field

Figure 3.3 - Frmrreason Field

Extended frame Type (337-425)

The Extframe type is an extension of the type Frame. The m operator allows to make
an extended frame by adding to the frame four fields inforr, corrlength, lesslength and abortf
which specify respectively if the frame contai.ns information field, if the frame length is cor-
rect, if the frame length is not less than the minimum frame length and if the frame is not
aborted.

The operators mod and - define respectively the modulo and subtraction operations on
natural numbers. The operations flgl, flg2, pack, adrs, ctrl, fcss, reasfrmr, ns, nr, and of per-
mit to get respectively the first flag, the second flag, the packet, the address, the control, the
frame check sequence, the frmr reason, the ns, the nr and the pf bit fields of a gi\'ien eframe.
The operations get f, get_c, get I and get_a allow to get respectively the frame part, corr-
length, lesslength and abortf fields of a given eframe.
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The predicate is_valid determines if a frame is valid or not. An invalid frame is defined
as one which:
-- is not properly bounded by two flags.
-~ or the frame length is less than the minimum frame length.
-- or the FCS is incorrect.
-- or the address field is corrupted.
The predicate is_reject determines if a frame is to be rejected or not. This predicate is
true if at least one of the following conditions occurs:
-- receipt of an undefined control field in a given frame.
-- receipt of an information field with incorrect length,
-- receipt of frame with an invalid NR field.
-- receipt of a frame with an information field which is not permitted.

The predicate not_valid_nrf determines if the NR field of a given frame is valid or not.
An invalid NR is defined as one which points to an I frame which has been transmitted and
acknowledged or to an I frame which has not been transmitted and is not the next sequential
I frame pending transmission.

The predicates not_abort and corrl determine respectively if a frame has been aborted
and if the frame length is correct. The predicate correct determines if a frame is correct or not.
A frame is correct if it is valid, it is not to be rejected and is not aborted. The predicate eg
tests if two frames are equal. The predicate collis is true if two frames have the same type.
The predicate resp(f)‘ is true if the frame f is a DISC frame and is false if f is SABM or
SABME frame,

Extended packet Type (510-522)
The type Packe defines an extended packet type. Tt allows to assign to each packet a
natural number. The mp operation permits to make such an extended packet while snn and

packe operations get respectively the natural number and the packet fields of the extended
packet. | | |
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Extended packet Queue Type (530-536)

The type Pqueue defines a queue of extended packets.
3.4.2 Behaviour Part
General Form of the Specification

The general form of the specification is given by LAPB process (line 557 to line 2367)
which distinguishes between the different phases of the DTE communication.

If the Connection Phase is successful done, as reported by the boolean variable ok,
the protocol enters the Data Phase. The dataphase process can be disabled by the terming-
tionphase process. The process dataphase can stops itself by synchronizing with process go-
term which in its tum synchronizes with process terminationphase. The boolean variable
donotwaitua which specifies the type of connection call used by the DTE, is passed as a pa-
rameter to dataphase process, from and fo parameters specify addresses.

The following figure shows the different processes which constitute process LAPRB:

connectionphase dataphase terminationphase goterm

For each process the start and end line numbers where this process appears in the
specification are given between brackets.

Connectionphase Process (580-834)

This process represents the DTE at the Disconnected State; it is composed of four al-
ternatives:

- disconnectedphase process: describes the case where the DTE receives frames

which are canceled at the Disconnected State; the DTE remains at the Discon-
nected State, '

- receiveincorrect process: describes the case where the DTE receives an incor-
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rect frame; the DTE ignores this frame and remains in the Disconnected State.

-- called process: describes the case where a SABM or a SABME frame
(establishment request) or a DM frame with final bit equal to 0 is received from
the remote entity.

-- calling process: describes the case where the DTE receives from the upper lay-
er an establishment request primitive.

The figure below shows the processes constituting process connectionphase:

disconnectedphase} | receiveincorrect called calling

Disconnectedphase Process (618-636)

Received frames which are not SABM, SABME or DM with final bit equal to 0, are
canceled, For those command frames with poll bit set a DM frame with final bit set is sent. If
a DISC frame is received a response DM frame is sent.

Called process (594-616)

If the DTE receives a SABM or a2 SABME frame as an establishment request, it can
either accept it by sending a UA frame or refuse it by sending a DM frame.

If the DTE receives a DM frame with final bit ecjual to O as a request for initiating
Link Set Up, it can either accept it by sending a SABM or a SABME frame (this is done by
calloption] process), or refuse this request by sending a DISC frame.

Calling Process (637-651)
~ The DTE can initiate Link Set Up in three manners: .
-~ send a SABM or a SABME frame; this is done by calling calloptionl process
and giving it SABM or SABME as a parameter. . |
-- initiate link disconnection by sending a DISC frame, then initiate Link Set Up by
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sending a SABM or a SABME frame; this is done by calling calloption2 process.
-- request the remote entity to initiate Link Set Up by sending an unsolicited DM
response; this is done by calloption3 process.

The figure below shows the processes composing process calling:

calloptionl calloption2 calloption3

Calloptionl Process (1133-1170)

The given parameter frame f (SABM or SABME ) is sent, then a response to f is
waited. This is done by synchronizing over the gate phl and the hidden gates pp and p pro-
cess sendcde which sends f and process waitresp which waits for the response to f.

Sendcde process (1093-1131)

A frame f is sent over gate phl, the timer is started and process synchresp is called to
synchronize with process waitresp. A frame f may be sent up to n2 times before a response
frame is received.

In case where frame f has been sent n2 times without receiving a response frame ac-
tion exit(false, false) is done to report unsuccessful transmission of f. Parameter init indi-

cates the number of times f was sent without receiving a response.
Synchresp Process (1112-1130)

" This process is composed of three altemnatives:
-- the first alternative corresponds to the case where the received frame is ignored.
-- the second alternative is the case where the received frame is not a SABM or a
DISC frame; so the timer is reset and an exit is executed. .
= the third alternative is the case where a SABM, a SABME or a DISC frame is
received after having sent frame f; the timer is reset, a frame is sent and then ej-
ther an exit is executed in the case where the received frame does not result in a
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collision with frame f (i.e received frame is not the same as sent frame f), or pro-
cess wwaitua is called in case of collision.

Waitresp Process (1148-1169)

After the first two actions which correspond to the sending of frame f by sendcde pro-
cess are done, the process waitingresponse is called. The disable part corresponds to the
case where frame f has been sent n2 times without receiving a response.

Waitingresponse Process (1156-1168)
Processes notsabmdiscuafldmfl, issabm, isdisc, isuafl and isdmfl participate in the

reception of the response to the sent frame f, by synchronizing over gates phl, pp and p.
The following figure shows processes composing process waitingresponse:

notsabmdiscuaf1 isuafl isdmfl

issabm isdisc

Notsabmdiscuafl Process (881-910)

The first alternative corresponds to the case where the received frame is not correct
or is not a SABM frame and is not a SABME frame and is not a DISC frame and is nota UA
frame and is not a DM frame with final bit equal to 1; in this case the process ignores the re-
ceived frame by calling itself.

The second alternative corresponds to the case where the received frame is correct
and is a SABM frame, a SABME frame, a DISC frame, a UA frame or a DM frame with final
’bxt equal to 1. The first disable occurs in case of mcepnon ofa SABM frame, a SABME frame.
or 2 DISC frame.



The second disable corresponds to the case where the time expires and another frame
f must be sent; so process notsabmdiscuafidmfl calls itself.

Isuafi Process (912-935)

The first alternative cormresponds to the case where the received frame is a UA with fi-
nal bit equal to 1. The second alternative is the case where the received frame is not correct
or is not a UA with final bit equal to 1. The first disable corresponds to the case where the re-
ceived frame is a SABM, SABME or DISC frame. The second disable corresponds to the _
case where the time expires and another frame f must be sent.

Isdmf1 Process (937-960)

This process has the same structure as process isuaf! except that the received frame
is a DM with final bit equal to 1. Note that the boolean value of resp(fr) in the action ex-

it(resp(fr), false} is false if the sent frame fr is SABM or SABME and true if fr is a DISC
frame.

Issabm Process (962-996)

The first alternative is the case where the received frame is not correct, is not SABM
or is not SABME frame, In the second case the received frame is SABM or SABME; if there
is no collision between the sent frame fr and the received SABM or SABME (i.e the sent
frame is a DISC), the actions following the guard [not(coll)] are done in order to send a DM
frame. If a collision results, process collision is called. The first disable corresponds to the
case where the received frame is a DISC. The second disable i is the case where the time ex-
pires and another frame fr must be sent.
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Isdisc Process (997-1031)

This process has the same structure as process issabm except that the received
frame is a DISC.

Collision Process (1033-1047)

A UA frame is sent, then depending on the type of collision indicated by the variable
resolvecollis, the DTE will enter the indicated phase (Data Phase or Disconnected Phase)
after one of the following events

-- after receiving a UA response; this is done by process waitua.
-- after timing out; this is done by process waitugortimeou
-- directly after having sent the UA frame; this is done by process donotwait.

Calloption2 Process (652-669)

This process first calls calloption] process giving it a DISC frame as parameter to
disconnect the link then calls again calloption] process giving it a SABM or a SABME frame
as parameter to initiate Link Set Up. |

Calloption3 Process (671-737)

In this case a DM frame with final bit equal to 0 is sent by the DTE as a request to
initiate Link Set Up. This process is composed by the synchronization over the gate phl and
the hidden gates pp and p of processes senddm and waitrespdm.

Senddm Process (679-716)
A DM frame is sent, the timer is started and process synchrespdm is called to syn-
chronize with process waitrespdm. The DM frame may be sent up to n2 times if the time ex-

pires without having received a response frame. The action exit(false, false) is done 1o report
unsuccessful transmission of a DM frame in case of n2 times transmission of a DM frame
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without reception of a response frame. Parameter init indicates the number of times a DM
frame was sent before receiving a response.

Synchrespdm Process (699-715)

This process is composed of three alternatives. In the first case the received frame is
ignored. The second alternative is the case where the received frame is a DISC, a SABM or
a DM with final bit equal to 1; so the timer is reset and an exit is executed. The third alterna-
tive is the case of collision (i.e the received frame is a DM with final bit equal to 0); so either
an exit is executed or process wiwaitua is called.

Waitrespdm Process (717-736)

This process waits first for the sending of frame f then process waitingresponsedm is
called. The disable part corresponds to the case where the frame f has been sent n2 times
without receiving a response.

Waitingresponsedm Process (725-735)
Processes notsabmdiscdm, isdm, issabmofdm and isdiscafdm participate in the recep-

tion of the response to the sent DM frame, by synchronizing over gates phl, p and pp.
The figure below shows the processes composing process waitingresponsedm:

notsabmdiscdm isdiscofdm issabmofdm isdm

Notsabmdiscdm Process (739-755)

The first alternative is the case where the received frame is not a SABM, a SABME,
a DISC or a DM; so it.is ignored. The second alternative is the case where the received
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frame is a SABM, a SABME, a DISC or a DM frame. The disable part is the case where the
time expires and so another DM frame must be sent.

Isdiscofdm Process (757-774)

The first alternative is the case where the received frame is a DISC frame: and ex-
it(false, false) is executed to report a refusal to initiate Link Set Up by the remote entity. The
second case corresponds to the case where the received frame is not correct or is not a DISC
frame. If the received frame is not correct process isdiscofdm calls itself: if the received frame
is correct but is not a DISC frame either an exit is executed or process wwaitua is called.
The disable part is the case where the time expires and so another DM frame must be sent.

Issabmofdm Process (776-793)

The first alternative is the case where the received frame is a SABM or a SABME;
SO an exit(true, false) is executed to report an acceptance to initiate Link Set Up by the re-
mote entity. The second alternative corresponds to the case where the received frame is in-
correct, or it is not a correct SABM frame or a correct SABME frame.

Isdm process (795-821)

The first alternative is the case where the received frame is a DM frame with final bit
equal to 1;‘ so an exit(false, false) is executed to report the refusal to initiate Link Set Up by
the remote entity. The second alternative is the case where the received frame is not correct
or is not a DM frame. The third alternative is the case of collision (i.e.reception of DM frame
with final bit equal to 0); so process calloptionl is called to send a SABM or a SABME
frame. -



Dataphase Process (1172-2366)

During the information transfer phase (process inforphase), reception of particular
frames causes the link to be reset (process linkreser); also if a frame is sent up to n2 times
without receiving a response the link must be reset. So, process inforphase activates pro-
cess causelinkreset which in its turn activates process linkreset.

The boolean parameter notwait is an input from connectionphase process; if it is true
an unsolicited response frame does not cause the link to be reset. The parameter q is the
queue of semi information frames but not unacknowledged yet. The parameter gdls is the
queue of received information frames built after receiving packets from network layer 1o be
sent to the remote entity. The parameter gdir is the queue of received packets from remote
entity to be delivered to the network layer.

The following figure shows processes composing dataphase process:

causelinkreset linkreset inforphase

Causelinkreset Process (1198-1202)

After synchronizing with process inforphase in the first action, the synchronization
with process linkreset is executed in the second action. The value of the variable n distin-
guishes which kind of linkreset is being done; reasfrmr is the field of the FRMR frame in case
it is sent.

The variables vs, vr and lu are rcspectivclly the sequence number of the next I frame
to send, the sequence number of the expected I frame and the sequence number of the lowesi
unacked frame.

Linkreset Process (1204-1403)

In case of n equal to 0, the calloptionl process with SABM or SABME as the pararri-
eter frame to be sent is called; if Link Set Up is done successfully, Data Phase transfer is re-
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sumed with gqueues g, gdls and qdir in the same state as left in the link reset. When n is
equal 10 1 sendfrmrl process is called, when n is equal to 2 or to 3 process revfrmroruaordm
is called, and when n is equal to 4 process rcvsabm is called.

The following figure shows processes composing process linkreset:

sendfrmrl waitrespfrmr rcvsabm revirmroruaordm

Sendfrmrl Process (1263-1290)

An FRMR frame is sent then a response frame is waited by process waitrespfrmr. -
An FRMR frame may be sent up to n2 times; if an FRMR frame is sent n2 times without re-
ceiving a response, Link Set Up is done.

Waitrespfrmr Process (1292-1402)

This process is composed of six alternatives; in the first and the fourth ones, received
frames are ignored. The second and the third alternatives are the case where the received
frame requires to retransmit the same FRMR frame. The fifth altenative is the case where
the received frame is an FRMR; so either a DM frame with final bit equal to 0 is sent to ask
the remote entity to initiate Link Set Up, or Link Set Up is done by calling process callop-
tionl.

In the sixth case the received frame is either a SABM, a SABME or a DM. If it is a
SABM or a SABME frame ecither a UA frame is sent and Data Phase transfer is resumed, or
~a DM is sent and Disconnected Phase is entered.  If it is a DM frame with final bit equal
to0, either a DISC frame is sent and Disconnected Phase is entered, or a SABM or SABME
frame is sent by calling calloption] process.
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Rcvsabm Process (1250-1261)

After receiving a SABM or a SABME frame, either a UA 1is sent and Data Phase is
resumed, or a DM is sent and Disconnected Phase is entered.

Revirmroruaordm Process (1230-1248)

After receiving a DM, UA or FRMR frame, either a DM frame with final bit equal to O .
is sent to ask the remote entity to initiate Link Set Up and the Disconnected Phase is en-
tered, or Link Set Up is done by calling process calloptionl.

Inforphase Process (1462-2365)

This process is obtained by synchronizing processes infphase and timer over gate t.
Among parameters of the inforphase process we find:

-- vsp: auxiliary variable used to assign sequence number to packets put in gdls
queue.

- rbusy: indicates if the remote entity is busy.

- lbusy: indicates if the DTE is busy.

-- retrans: indicates if frames in queue ¢ must be retransmitted.

-- chkpr: indicates if command frame with poll bit was sent (checkpoint) and if so
a response frame with final bit equal to 1 must be received.

- starttime: indicates if the timer is running or not.

-- reject: indicates that the DTE has sent a REJ frame (after receiving an out of

sequence frame) and therefore is expecting an I frame.

-- init: counts the number of times a frame has been sent consecutively without
receiving a response, if init becomes equal to n2 the link is reset (see process
timeout).

The following figure shows the processes which compose process inforphase:
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infphase timer

Infphase Process (1472-2364)

During information transfer phase, the DTE can either communicate with the X.25 net-
work layer (process comX.25) to receive and deliver packets, send frames to the remote enti-
ty (process sendframe), or receive frames from the remote entity (process receiveframe).
Also , the time out can occur (process timeout). The reception of particular frames which
must cause the link to be reset is done by process reveoreset.

Depending on the value of the variable ryp one of five alternatives is chosen. The first
four alternatives consider the case where the timer must be started or not, or the timer was
stopped, so another instantiation of process tzimer is executed; the last alternative considers
the case where the link must be reset. Parameter reject indicates if an out of sequence frame
was received and therefore a REJ frame was sent.

The following figure below shows the processes composing infphase process:

rcvtoreset comx25 sendframe

receiveframe timeout

Rcevtoreset Process (1569-1615)

This process causes the link to be reset when receiving a frame which réquires s0; it
is comﬁoscd of alternatives between processes receiveunsolicit, receivesabm, re-
céiveuaordm, se(zdfpnr and receivefrmr.

The following figure shows the processes composing process rcvtoreset:
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receiveunsolicit receivesabm receiveuaordm

sendfrmr receivefrmr

Sendfrmr Process (1405-1460)

This process receives a valid frame which requires an FRMR frame to be sent; such a
case can occur in at least one of the following cases:
-- receipt of a frame with an information field which is not permitted or receipt of a
S frame with incorrect length.
-- receipt of an undefined command or response control field.
-- receipt of an invalid nr.
-- receipt of an I frame with an information field which exceeds the maximum es-
tablished length.
These four conditions correspond to the first four alternatives; the interleaving opera-
tors are used to determine the reasfrmr field of the FRMR frame to be sent.

ComX.25 Process (1523-1530)

This process is used to allow LAPB to communicate with X.25 in order to receive or
deliver packets; it is composed by the alternative between processes recvpack and deliver,

The figure below shows processes composing process comX.25:

-recvpack : deliver
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Recvpack Process (1659-1673)

This process receives packets from X.25 and puts them in queue gdls if the number of
outstanding frames at the DTE does not exceed the window size. If the remote entity is busy
and timer is not running, the variable zyp is reset to 1 in order to start the timer; else it is re-

setto 0,

Deliver Process (1617-1626)

This process delivers received packets which are in the gdlr queue to the X.25 net-

work layer.

Sendframe Process (1532-1541)

This process is composed by the alternative of processes sendi, sendrr and sendrnr.
It represents the DTE sending a frame to the remote entity. The processes sendi, sendrr and
sendrnr represent respectively the transmission of an I frame, an RR frame and an RNR
frame,

The following figure shows the processes composing process sendframe.

sendi sendrr sendmr

Receiveframe Process (1543-1567)

This process is the result of the altematives between processes receiveinvalid, re-
ceivevalidi, rcviandbusy, receivernr, receiverr, receiverej and sendrej. ~ The process re-
' ceiveinvalid shows that an invalid frame is simply ignored. The process receivevalidi repre-
sents the reception of a valid T frame. The process }'cviandbusy represents the rccepﬁon by
the DTE of valid I frame when it is busy, these frames are simply ignored. Processes receiv-
erm',' \recei‘velrr and receiverej represent respectively the reception of an RNR frame, an RR
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frame and a REJ frame. The process sendrej represents the reception of an out of sequence I
frame and therefore the DTE sends a REJ frame.

The figure below shows the processes composing process receiveframe:

receiveinvalid receivevalidi rcviandbusy receivernr

Teceiverr receiverej sendrej

Timeout Process (2305-2363)

If the timer expires, either an RR command frame, or an RNR command frame with
poll bit set is sent if a REJ frame was not previously sent; this is done respectively by pro-
cesses sendrrb and sendrnrb. If a REJ frame was previously sent and the timer expires, pro-
cess sedrejb is called to send a REJ command frame with poll bit set. If an RR, RNR or REJ
command frame is sent n2 times without receiving a response frame the variable typ is reset
to 5 to reset the link. /nit parameter indicates the number of times an § command frame was

sent without receiving a response,

The figure below shows the processes composing process fimeout:

‘ sendrr - sendmrb sendrejb

- Terminationphase Process (845-864)

This process is composed of three alternatives. The first one is the case where a dis-
connect request is received from X.25, so calloption] process is called to send a DISC frame.
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The second alternative is the case where a DISC frame is received by the DTE, so a UA
frame is sent and the Disconnected Phase is entered. The third alternative is the case where
the Disconnected Phase is entered due to dataphase process in which case terminationphase
synchronizes with gorerm process.

Goterm Process (836-843)

This process synchronizes over gate pp with both processes dataphase and termina-
tionphase.
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Chapter 4. Test Case Derivation for LAPB
4.1 Introduction to Conformance Testing

4.1.1 Introduction

Conformance testing involves testing an implementation to establish whether it con-
forms to the specification in the relevant standard. Conformance testing can be considered
as a form of functional testing. In functional testing, the object to be tested is considered as _
a black-box. It is subjected to inputs and its outputs are verified for conformance to its speci-
fication.

Conformance testing consists of testing both the capabilities and the behaviour of the
implementation under test (IUT). The capabilities tested are those stated by the implemen-
tor. The terms used in the following are defined in the ISO documents [ISO9] and [1SO10].

There are several steps involved in a conformance testing process, which are de-
scribed briefly as follows [PUH]:

1) test sequence derivation and adaptation: this step consists of obtaining a gener-
ic conformance test suite (CTS) for a given protocol. A generic test suite is one
that is expressed in a way which is independent of a specific test architecture.
Then, the generic CTS is adapted to a particular test architecture and an abstract
CTS (called ATS for Abstract Test Suite) is obtained.

2) test sequence selection: out of the large number of abstract test cases, an ap-
propriate subset of the abstract test suite is selected.

3) test sequence exccution: this step consists of applying an executable ATS to
the IUT. This assumes a configuration of the environment for running the tests
and obtaining the results,

4) test report: this consists of analyzing the test results and producing diagnostic
information.
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4.1.2 Standards for Conformance Testing
4.1.2.1 Protocoi Entity Behaviour

The behaviour of an N-protocol entity can be described in terms of its responses to
the:
- requests ((N)-service primitives) from its user (N +1)-entity).
- messages (protocol data units) from its peer entity ((N)-entity).
- indications ((N-1)-service primitives) from its provider ((N-1)-entity).
- internal events (example: timeouts).
This is shown in the following figure, in which SP means Service Primitive and PDU
means Protocol Data Unit:

I (N)-SP
internal
f) events -PDUs
N-ENTITY

1 (N-1)-Sp

4.1.2.2 Abstract Test Methods

An abstract test method is described by identifying the points closest to the IUT
where control and observation are to be exercised. It represents the testing architecture for
each abstract conformance test suite. The OSI protocol standards define allowed behaviour
of an N-protocol entity (i.e the dynamic conformance requirements) in terms of the PDUs and
both the abstract service. primitives (ASP) above and below that entity. Thus the behaviour
of an N-entity is defined in terms of the (N)-ASPs and (N-1)-ASPs (the latter including the
(N)-PDUs) [ISO9]. '

The points of control and observation (PCO) are constrained by the architecture of the
system under test, which is the system in which the IUT resides. For cxample, in X.25 DTE
' 'tesung, it is common for the manufacturer not to prowde access to the upper interface of the
data link layer [Kan]. The testing entity which provxdes the means of control and observa-
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tion of the upper-service boundary of the IUT is called the upper-tester whereas the one
which provides the means of control and observation either below or remote from the IUT is
called lower-tester.

Currently, ISO has defined five different abstract test methods [Linn], [Ray]. These
are defined as follows:

1} Local Test Method (L): in this method, the PCOs are at the local service
boundaries above and below the JUT (figure 4.1.a)

2) Distributed Test Method (D): in this method, the PCOs are distributed in two
different locations. They are at the service boundary above the TUT and at the
opposite side of the (N-1) service provider for the (N)-entity (figure 4.1.b).
The test events are specified in terms of the {N-1)-ASPs, (N)-PDUs and (N)-
ASPs. A test coordination procedure (TCP) is used to coordinate test execution
actions between the upper tester and the lower tester. The requirements for the
TCP are specified in the ATS.

3) Coordinated Test Method (C): this method is an enhanced version of the D
method. There is a single PCO at the point of interface between the lower
tester and the underlying service provider (figure 4.1.c). The TCPs are imple-
mented as a test management protocol, which is expressed in terms of TM-
PDUs. The test events are specified in terms of (N-1)-ASPs, (N)-PDUs and
TM-PDUs. The requirements for the TCPs are specified in the ATS. The upper
tester interface to the IUT is inaccessible. The upper tester is usually imple-
mented by the IUT manufacturer.

4) Remote Test Method (R): in this method, the PCO is at the interface between
the lower tester and the (N-1)-service provider (figure 4.1.d). The test events
are specified in terms of (N-1)-ASPs and (N)PDUs. Some of the ‘require-
ments for the TCP may be implied or informally expressed in the ATS, but their
realization is implementation dependent.

5) Relay Test Method (Y): this method is applicable while tesung relay systems
from one subnetwork to another. . A

~ In each of these five methods, testing can be performed for a single layer(S), multiple
layers (M) or a single-layer embedded (E) [Ray). The single layer testing is applicable for
single laycr IUTs. In the multi-layer testing, the behaviour of a multi-layer IUT is tested as
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2 whole rather than tested layer by layer. The single-layer embedded testing consists of

testing the behaviour of a single layer within a multi-layer TUT without accessing the layer
boundaries for that layer within the TUT.

TCP
UPPER-TESTER = FPER
A - &
¥ (N)-ASPs ] rf%?:‘s
LOWER
TESTER
IUT
(N)-
_PDUs [ IUT
(N)'PDUS A 1) A
3 I(N' lof'AsPS ¥ TSPS
LOWER-TESTER (N-1)-Service Provider
a- Local test method b-distributed test method
JM-PDUs *.'!'_gg _,_'_ '
UPPER
TESTER [ TEEER
LOWER LOWER
TESTER TESTER
' $bUs | TUT | Pous_ | TUT
N ) N Y
¥ EISPS v quPs
(N-1)-Service Provider (N-1)-Service Provider
¢- Coordinated test method ' d- Remote test method

~ Figure 4.1 - Abstract Test Methods
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4.1.3 Conformance Requirements, PICS and PIXIT

The conformance requirements in a standard can be [1S09]:
a) mandatory requirements: these are to be observed in all cases.
b) conditional requirements: these are to be observed if the conditions set out in
the standard apply.
c) options: these can be selected to suit the implementation, provided that any re-
quirements applicable to the options are observed.

Furthermore, conformance requirements in a standard can be specified either positive-
ly stating what shall be done or negatively stating what shall not be done (prohibitions). Al-
s0, conformance requirements fall into two groups: static conformance requirements and dy-
namic conformance requirements.

The static conformance requirements are those requirements that define the allowed
minimum capabilities of an implementation, in order to facilitate interworking. These require-
ments may be at broad level, such as the grouping of functional units and options into proto-
col classes, or at a detailed level, such as a range of values that has to be supported for spe-
cific parameters or timers. All capabilities not explicitly stated as static conformance require-
ments are to be regarded as optional [ISO9].

The dynamic conformance requirements are those requirements which determine what
observable behaviour is permitted by the relevant OSI standard in instances of communica-
tion. They define the set of allowable behaviours of an implementation. This set defines the
maximum capability that a conforming implementation can have within the terms of the OSI
standard [ISO9].

To evaluate the conformance of a particular implementation, the implementation manu-
facturer provides a Protocol Implementation Conformance Staternent (PICS). The PICS is a
set of -statements made by the supplier of an OSI implementation stating the capabilities and
options which have been implemented, and any features which have been omitted [I1SQ9].
First, the PICS is analyzed during the static conformance review for its consistency with the
static conformance requirements specified in the relevant standard. Then, the PICS is used,
during the test selecuon step, to select the tests which are appropriate to optional features,
In addition to providing the PICS, the supplier provides a Protocol Implementation eXtra In-
fonhatidn for Testing (PIXIT). The PIXIT contains information needed by the test laboratory
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" in order to be able to run the appropriate test suite. The ICS and PIXIT proformas of the
LAPB protocol can be found in {ISO4].

4.1.4 The Test Specification Notation-TTCN

In principle FDTs are good candidates as test notations [BDS]. In particular, it is
shown in [Steen] that LOTOS fulfills the most important requirements of a test notation.
This may be controversial, but in the experience of the author, LOTOS may be adequate for
specifying test cases. The only problem could be a few-time related features, such as state-
ments TIMEOUT and ELAPSE in TTCN, v hich are not provided in LOTOS. An advantage
of using an FDT as a test notation is that no translation is required if test cases are derived
from a formal specification or are validated against a formal specification.

However, ISO and CCITT normalization groups have developed a new language
called TTCN (Tree and Tabular Combined Notation) and have adopted it as a standard for
specifying tests of conformance [ISO6). Since TTCN is a standard notation and has been
used for specifying test cases for the data link layer in [ISO4), we have adopted it in our the-
sis to specify test cases.

TTCN is an informal notation with clearly but not formally defined semantics [ISO6).
TTCN is provided in two forms: a graphical representation (TTCN/GR) and a machine pro-
cessable representation (TTCN/MP). The graphical form is suitable for human readability.
The machine processable form is suitable for transmission of TTCN descriptions between
machines. , ,

TTCN serves the following purposes:

-- 10 provide a common reference for assessing other notations and to assist in ex-
amining the problems arising in test and test suite design.
Yeeto provide a basis for the translation of tests into other notations.

== 10 be used as a tool to develop trial tests.
A test suite can be lookedupon as a hierarchy ranging from the complete test suite
~down to test events. A 'test» suite contains test groups which contain test sub-groups, con-
taining test cases, which have test steps which include test events. A test suite written in
TTCN has four parts: a test suite overview part, a declaration part, a dynamic part and éon-
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straint part. These are briefly described in the following. More details can be found in
[1SO6].
1) Test suite overview: this section shall include at least the following information;
-- a precise indication of the test method to which the test suite applies.
— an overview and list of contents of the test suite by test subgroups and test
group.
-- a complete index to the test suite.

2) Declaration part: the purpose of this part is to describe the set of test events and
all components in the 1est suite. These include ASPs which occur at PCOs, timer identifiers,
user defined types and operators, test suite parameters, global variables and constants,
PCOs, PDUs and their parameters and any abbreviation used in the test suite specification.

Proformas are available for each of these items. The figure 4.2 shows an example of data
type declaration.

DATA TYPE DECLARATION
PDU: DISC COMMENTS: None

Protocol Control Information

FIELD NAME TYPE COMMENTS

Address field (A) Octetstring As defined in X.25 standards

Poll bit (P) Bitstring Single Bit defined within frame control field
defined in X.25 standards

Figure 4.2 - Data Type Declaration Example

3) Dynamic part: this part contains the main body of the test suite. It consists of dy-
namic behaviour tables which contain columns for behaviour descriptions, labels, constrainss -
to particular ASPs or PDUs, verdicts and comments. The purpose of the test case, as well as
an identifier and a reference to the test case are also specified in a dynamic behaviour table. -
The field exrended comments is provided for general comments and the field default referenc-
es is used to emphasize a set of "interesting’ paths through a test by declaring the less inter-
esting common alternatives as default behaviour. .

In the behaviour tree a set of alternatives is expressed by writing the first symbol of
each alternative aligned in the same colurnﬁ (level of indentation). The events initiated to
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named PCOs (sent events) are identified by the symbol ", and test events accepted
(received events) at named PCOs are identified by the symbol *?’. Synchronization con-
straints can be used to synchronize events at distinct PCOs. Other test events used in the
behaviour tree are pseudo-events, such as OTHERWISE, TIMEOUT and ELAPSE. OTH-
ERWISE denotes the reception of any event which is not explicitly listed among the alterna-
tives preceding the OTHERWISE. TIMEOUT is used to check the expiration of the speci-
fied timer. ELAPSE provides a means of checking how long the execution of a test case re-
mains cycling around a set of altematives without any of them matching and exiting from that
set of alternatives if the prescribed time has elapsed.

Test events may be associated with expressions. There are two kinds of expres-
sions: assignment expressions and boolean expressions. An event is qualified by a boolean
expression when that expression is written between square brackets. An event contains an
assignment expression when that expression is written between parentheses. A set of op-
erations, such as START and CANCEL, are used to model the timer management, Trees
may be attached to other trees by inserting the name of the tree to be attached prefixed by
the symbol "+’. A label may be placed in the label column for an event. A jump to a label A’
is specified by the notation: ->A or GOTOA

The repeat statement is a mechanism allowing to iterate a test step a variable num-
ber of times. The constraint reference column allows reference to be made to a specific con-
straint placed on an ASP or a PDU. Such constraints are defined in the constraint part. En-
tries in the verdict column indicate a verdict of the test case. Three kind of verdicts are avail-
able:

-- Pass: some aspect of the test purpose has been achieved.

— Inconclusive: something has occurred which makes the test case inconclusive
for some aspect of the test case

- Fail: a protocol error has occurred or some aspect of the test purpose has result-
ed in failure, ‘

The figure 4.3 shows an example of a dynamic behaviour table for the LAPB DTE,
where the TTCN subtrees DL1_state and DL1_CHK are assumed to be already defined.



DYNAMIC BEHAVIOUR
REFERENCE: X.25-DTE/DL1_101
IDENTIFIER: DL1_101
PURPOSE: Verify that the DTE sends a DM/F=1 in response to DISC/P=1 in the Disconnected
State
DEFAULT REFERENCE: None
BEHAVIOUR DESCRIPTION LABEL; CONSTRAINT| VERDICT| COMMENTS
REFERENCES
DIL.1_101
+DL1_STATE
L ! DISC (P:=1) DISC(S31)
L? DM [F=1] DM($31)
+DL1_CHK
L? OTHERWISE FAIL Unacceptable
response

ELAPSE TMO1 FAILL No response

Extended Comments: None

Figure 4.3 - Dynamic Behaviour Example

4) constraint part: this part allows the description of the value coding of parameters in
ASPs and PDUs. TTCN provides proformas for such specifications. Specific binary or hexa-
decimal values are assigned to ASPs and PDUs parameters.  Figure 4.3 shows an example
where the constraint reference DISC (S31) is referenced in the dynamic behaviour. This con-
straint reference is defined in the PDU constraint part as shown in figure 4.4. This figure
shows the definition of the contents of the fields A and P.

PBU Constraints

PDU Name: DISC

LIST NAME FIELD NAME COMMENTS

A P

$31 '01'H I'B

Figure 4.4 - PDU Constraint Example
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4.1.5 The Test Method for the LAPB DTE

Usually, the DTE manufacturer does not provide access to the upper boundary of the
X.25 DTE data link layer. Therefore, the local and the distributed test methods cannot be
used. The coordinated test method requires the existence of an upper tester. This is costly,
since the upper tester is used only for testing and once the IUT has been tested, the upper
tester is removed. Also, the manufacturer could have implemented level two and three in a
single module where they cannot be separated, so it would be impossible to conceive an up-
per tester for level two only. This has led us to consider the remote test method, as in
[Kan]. This is similar to the architecture shown in figure 4.1.d, but it is not exactly the same
because the X.25 standard is not exactly aligned with the OSI architecture.

In the remote test method some requirements for test coordination procedures may be
implied or informally expressed in the abstract test suite but no assumption is made regard-
ing their feasibility or realization [ISO9].

In the test implementation and execution of the X.25 link layer test suite, the correct-
ness of behaviour is judged solely on PDU exchanges at the DTE-DCE interface; this corre-
sponds to the (N)-PDUs exchange of figure 4.1.d. There is only one PCO; this PCO (called
L in 4.5.4) comresponds to the gate phl (figure 3.1). Some test cases involve initiated actions
by the user layers above the IUT. For example, to test that the TUT retransmits an I frame
after receiving a REJ frame, an I frame must be first transmitted by the DTE. To test such a
case involves an action to be initiated by the DTE.

This can be done by, simply, making a call to a DTE operator asking him to perform
the required action, when a test case requires an initiated action. It can be done better, if the
test tool provides a user-prompting terminal which helps coordinate DTE-initiated actions.
When a test case requires the IUT to initiate an action, the test tool writes a user-prompt
‘message at the remote terminal. The DTE operator performs the requested action and ac-
knowledges the prompt by sending a response message. This message exchangé corre-
sponds, roughly, to the TCP of figure 4.1.d. Figure 4.5 shows a test architecture for X.25
testing, developed in collaboration between Bell-Northern Research (BNR) and the universi-
ty of Ottawa [PUH]. The network test system (NTS) provides all the facilities'for develop-
ing and executing X.25 test cases. For each particular protocol IUT,‘there is an interactive
protocol tester (IPT). The IPT emulates PDU encoding and decoding functions for a particu-

62



lar protocol and provides exception and/or error generation and handling for that protocol.

X.25DTE ;
e ————
Conformance P:ompurug Message NTS
Test Suite N User Response Prompting
Terminal
NTS
+
X.25PT NTS Test PDUs > X.25DTE
- Response PDUs Under Test

User Command
console

Figure 4.5 - A Test Architecture for X.25

4.2. FSM Test Sequence Derivation Methodologies

4.2.1 Introduction

In FSM test sequence derivation methodologies the communication protocol is speci-
fied using the FSM approach where the system is modeled using states and transitions. Giv-
en a protocol specified by a FSM there are several methods for generating test sequences
from this FSM. All these methods assume a deterministic FSM. The ability of a test se-
quence to decide whether a protocol implementation conforms to its specification relies solely
upon the range of faults that can be captured. Also, the length of generated test sequences
is important. The D, U and W method use the synchrohizing sequence (SS) to bring the
FSM to a ‘specified initial state in order to berform state identification and transition verifica-
tion. A SS of a FSM is an input sequence that takes the FSM to a special initial state re-
gardless of the output or the initial state of the machine. We review briefly below the differ-
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ent FSM test sequence derivation methodologies. We use the following notation:
TR: ransfer sequence which takes the machine from one state to another.
T: transition.
UIOi: a UIO for state i.

4.2.2 The Transition Tour Method

Starting with the initial state, a test sequence (called transition tour sequence), is ap-
plied to the FSM until the machine has traversed every transition at least once. This method
assumes a minimal, strongly connected and completely specified machine [SL]. Tt detects
only output errors of transitions.

4.2.3 The D Method

This method is designed for machines that have a distinguishing sequence (DS). A
DS is an input sequence for which the output sequence produced by the machine is different
for each initial state. This method assumes a FSM which is minimal, strongly connected,
completely specified and posses a DS [SL]. It detects output and tail state errors of transi-

tions.

A state identification is performed by the sequence: SS-TR-DS

A transition verification is performed by the sequence: SS-TR-T-DS
4.2.4 The U Method

‘This method involves deriﬁing a unique input/output (UIO) sequence for each state of
the machine. A UIO sequence for a state of the machine is an input/output- behaviour that is
not exhibited by any other state of the machine. This method assumes a minimal, strongly
connected and completely specified machine [SL]. It detects output and tail stai:. errors of
transitions. | |
| A state identification is performed by the sequence: 'SS-TR-UIOi

A transition verification is performed by the sequence: SS-TR-T-UIOi



4.2.5 The W Method

This method is based on the use of a characterizing set of a FSM. A characterizing
set W of a FSM M is a set of input strings w, ... ,Wj. such that the last output symbols ob-

served from the application of these strings (in a fixed order in order to compare between the
different output syrabols obtained) are different at each state of the FSM, i.e Msl(wl,

W) # Msz(wl, .. ;W) where s; and sp are any two different states and Ms;(wy, «. W) =
(Ms;(wp), ... Msi(w)), i=1,2. Ms denotes the machine at state s and Ms(wi) denotes the
last output symbol on input string w; to Ms. This method assumes a minimal, strongly con-

nected and completely specified machine [SL]. It detects output and tail state errors of tran-
sitions. '

A state identification is performed by the sequences:

SS "'I'R'Wl
SS-TR-w,

SS'TR‘Wk
A transition verification is performed by the sequences:
SS-TR-T-WI

SS‘TR'T‘Wz

SS'TR"T-Wk
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4.2.6 Conclusion

All four previous methods assume that a minimal, strongly connected and fully speci-
fied machine of a protocol entity is given. Except for the D method, the other three methods
guarantee the existence of a testing sequence for a FSM which satisfies the assumption of
minimality, strong connectivity and complete specification [SL). For the U method, a com-
plete specification of 2 FSM is only a sufficient condition for producing a set of UIO sequenc-
es whereas it is a necessary condition for generating a DS or a W set. As a general evalua-
tion of the four methods, the following comments have been made in [SL]: the T method is
simple but may not capture all single faults if they actually exist; D-method is more involved
in its implementation and requires the existence of a DS, which may not exist for a FSM; U-
method is easy to comprehend; and W-method, in general, will produce longer test sequenc-
es than others.

Our methodology of generating test cases for the LOTOS LAPB specification is
based on the use of the UIO method. The main idea behind this is that LOTOS can be seen
as a labelled transition system. Labelled transition systems are a generalization of finite
state machines. Therefore, we thought of using FSM test sequence derivation methods for
our LAPB LOTOS specification, since there is no general method for generating test se-
quences from LOTOS specifications, up to now. For its simplicity, its fault coverage and the
length of produced test sequenées, we choose the UIO method. Our LAPB specification was
written to be complete but there was no guarantee that UIO sequences exist because of the
non-determinism involved in the LAPB behaviour. Fortunately, we found that UIQ sequenc-
es exist.

4.3 Test Sequence Derivation for Basic LOTOS
4.3.1 Terminology
Before giving the main idea of a methodology of derivation of test sequences for a re-

stricted subset of LOTOS [Brink1], we define the following terms:; _
‘Basic LOTOS: a simplified version of the language where the observable actions are identified



only by the names of the gates. Therefore, no data is involved in basic LOTGS.

Full LOTOS: the structure of actions is enriched by allowing the association of data
values to gate names.

Nondeierminism: an example of nondeterminism is represented inside process called
in the LAPB specification as shown below:

phi ! SABM
3(1; UA

(]

iDM)

After receiving a connection setup request (SABM frame), the DTE may accept this
request by sending a UA frame or may refuse this request by sending a DM frame. This is
an internal decision of the DTE and therefore is unobservable by the environment. In this
case the nondeterminism is modeled by the nonobservable action ;.

Deterministic process: a process is deterministic if no “nondeterminism" exists in
this process.

Reduction [Brink1]: a process I reduces a process S if and only if:

(1) Ican only refuse actions that can be refused by S.
(ii) I can only execute actions that can be executed by S. |
Point (i) reflects the conformance of I to S; i.e any sequence of actions accepted by I
must be accepted by S. Point (ii) signifies that I cannot extend the capabilities of S. Infor-

mally, I can be said to be an "implementation" of S.

4.3.2 Main Idea

Given a monolithic specification in basic LOTOS, tests can be generated from this

 specification to allow checking the consistency of a potential implementation with respect to

the specification. First from the monolithic specification written in basic LOTOS what is

~ called the canonical tester of this specification is constructed using the algorithm described in
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[Brink1]. Then by doing reductions on this canonical tester, deterministic processes which
are the test cases are obtained. This is shown in the following figure:

Monolithic Brinksma’s i
specification in algorithm T Ca'{‘l:sl:gal
basic LOTOS
Reductions
Y
Test Cases | p1 P2 te Pn
Full
Synchronizations
Potential
Implementation

An implementation conforms to the specification if ro one of the obtained determinis-
tic processes when composed in full synchronization with the given implementation leads to
a deadlock before the deterministic process itself reaches a deadlock. In other words, if the
full ‘synchronization of any one of the deterministic processes with the given implementation
reaches a deadlock before the deterministic process alone reaches a deadlock, we can defi-
nitely say that this implememation does not conform to the specification.

Notice that test cases are not generated from the specification but from its canonical
tester. This Jatter, which is a LOTOS process, can be seen as an extension of the specifica-
tion and as a specification of an adequaté test suite. The implementation is also seen as a
LOTOS process. Brinksma proves that any specification in basic LOTOS without recursion
- has a canonical tester [Brink1].
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Example

An example of the first half Connection Phase (i.e up to and including connection indi-
cation or disconnection primitives) of a single connection of a transport service (TS) illus-
trates the methodology of generating test sequences from a specification written in basic LO-
TOS.

The operation of a transport connection may be represented as shown in figure be-
low. This example is due to Brinksma [Brink1].

------------------

TS USER A

sasscasprarLasey

z
G
3]
-
v e

TSAP A

TSAP B

A A

L5 QueuefromAtoB

Queue fr’om Bto A

TS PROVIDER

There is one queue for each direction of information flow. A pair of queues exists for
each transport connection existing between two users. The TS access points are a resource
shared by the TS users and the TS provider; this is where the interactions or primitives occur.
The service users are restricted to only two; one acting as a calling user and the other as a
called-user. The address at which a primitive occurs is indicated by extending the name of the
primitive with _A for the calling user and with _B for the called user.

Process S shown in the following characterizes such a first half Connection Phase of a
TS. Note that the exit leads to either the completion of the Connection Phase or to the re- -
lease of the phase. | ' |
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process S := ConReg_A;
{ Conlnd_B;exit

{]
DisReq_A;
(i;exit
[
Conlnd_B;exit
)
[l
(i;DisInd_A;
(i;exit
1]
ConlInd_B;exit
)
)
endproc

Applying Brinksma’s algorithm it turns out that the canonical tester T(S) of S is actu-
ally the same as S. Then applying reductions to T(S) we arrive at the following four test cas-
es:

(1) ConReq_A; DisInd_A; exit(pass)

(2) ConReq_A; DisInd_A(exit(pass)[JConInd_B; exit(pass))

3) ConReq_'_A; (DisInd_A; exit(inconc)[DisReq_A; (exit(pass)[JConlnd_B; exit(pass))
(4) ConReq_A; (DisInd_A; exit(inconc)[]JConInd_B; exit(pass))

Case(1) tests the fact that a connection can always be refused by the service provid-
er and actually will be refused if the service provider is not given the opportunity to execute a
- connection indication primitive. Case(2) tests that after a connection is refused a connection
indication at B may or may not be performed.

Case(3) tests the case where a Disconnection request at A occurs after a connection
request at A was performed. Notice that since the purpose of the test case is to test that a '
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DisReq_A occurs after ConReq_A and since S can engage in action DisInd_A (due to nonde-
terminism), an inconclusive verdict is issued. Case(4) tests the case where a connection in-
dication at B occurs as a result of the connection request at A. For the same reason as previ-
ously, an inconclusive verdict is issued if S engages in action DisInd_A.

Note that the verdict pass and inconclusive are not provided by this testing methodol-
ogy. Rather, they are formulated by a testing expert on the basis of his insight on the pur-
pose of the test. Another underlying assumption is that all sequences of actions not men-
tioned above lead to verdict fail.

4.3.3 Practical Limitations

As mentioned above the methodology explained previously can be applied only to fi-
nite monolithic specifications written in basic LOTOS; obviously real data communications
protocols are too complex to be expressed by such specifications. The most important limita-
tion is that this methodology does not consider data. This is due to the fact that the basic
idea for the construction of the canonical tester is very close to the failure model of CSP; but
when dealing with full LOTOS, there are guards and selection predicates that cannot be eval-
uated statically.

Also, the recursion results in infinite processes. When dealing with large specifica-
tions, it may become impractical to derive tests on the basis of the whole specification; the
possibility to decompose the specification into smaller parts and then generate test cases for
each part can reduce the problem but then one has to find out how to decompose a specifica-
tion. On the other hand, in practice tests are only possible on finite portions of the behaviour
of an entity.

The last limitation is that this methodology requires a synchronous communication be-
tween the tester and the implementation under test (TUT) which implies a very streng con-

_trol over the behaviour of the IUT; it would be interesting to see how to extend this to non-

synchronous interfaces by assuming asynchronous interactions between the tester and the
IUT. - '
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4.4 Test Sequence Generation for a LAPB FSM Specification
4.4.1 Introduction

The LAPB DTE operation is specified as a FSM. In order to avoid dealing with a
large FSM, states are grouped according to protocol phases.

As a first step the state transition diagram for the LAPB protocol is defined. The
state transition diagram specifies the behaviour of the DTE at the data link level, Next, a
validation tool to check the connectivity and completeness properties of this FSM is used.
Validation tools are based on reachability analysis of the state machine or Petri net repre-
sentation. Reachability analysis is performed in order ‘o validate the protocol against poten-
tial errors like state deadlocks, unspecified receptions and nonexecutable interactions.

The third step is to specify the state transition table. Seven states are defined to de-
scribe the DTE’s operation, For each state, the appropriate actions and the next state after
taking these actions for the various proper, improper and inopportune PDU’s are shown in
the transition table.

The Iast step is to derive test cases using the state transition table. This is done us-
ing a three step procedure as explained in section 4.4.3.

4.42 The FSM of LAPB

The figures 4.6.a, 4.6.b and 4.6.c show the FSM of the LAPB DTE. The transitions
may be enabled by an enabling predicate. For example, the predicate (V(S) <= N(R) + K)
represents the condition that the send state variable is within the window. Similarly, transi-
tions in the event of time out (T1) are expressed with a suitable enabling predicate. The da-
ta link layer uses command and response PDUs. These are distinguished by using under-
lined or normal type font, respectively. The '?’ symbol is used to denote a reception and !’
symbol is used for transmission. When neither is specified this denotes both a reception and
a transmission. |

The DCE statés are not shown scpafately, ie, only the DTE states are shown. Thé
DCE in this case is the tester. The tester follows the DCE state in the ’ideal case’, that is,
for generating proper PDUs. Note that improper and inopportune PDUs are not shown in the
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state transition diagrams. However, they are part of the input set from the tester to the
(IUT). The expected output from the IUT are in the set of all proper PDUs. Reception at the
tester of any PDU outside the range of the expected outputs correspond to a test failure for
the IUT. However, the tester can send improper PDUs to the IUT to verify its reaction to
such PDUs.

4.4.3 Test Sequence Derivation Method

The test cases are generated in TTCN. The state transition table represents the valid
behaviour of the IUT for a given PDU sent from the tester. Test cases are derived from the
state transition table using a three step procedure:

(1) test initialization step.
(2) evaluation step.
(3) verification step.

The test initialization step consists of bringing the DTE to the required state. This
step assumes that the DTE’s FSM is strongly connected. The figure 4.7 shows the TTCN
subtree init_disconnect which initializes the DTE to the Disconnected State:

Init disconnect
L!DISC(P:=1)

L?7UA[F=1]
L?DM|[F=1]
L ? Otherwise fail
?Elapse Td fail

figure 4.7 - TTCN Initialization Subtree for the Disconnected State .

The evaluation step consists of performing a simple transition test or window rotation
test. During the evaluation test step the input sequence to the TUT can be from the set of
proper, improper or inopportune PDUs, , |

The evaluation step consists of a single interaction; this interaction consists of:

-- sending a PDU as a test stimulus. .
— verifying the acceptable response including no response if allowed in the state
~ transition table, | | '
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The verification step consists of verifying the TUT’s state after the transition per-
formed in the evaluation step.

Most test cases consist of a preamble followed by a test body and ending with a post-
amble. The preamble consists of the initialization test step. The test body consists of the
evaluation: step. The postamble consists of the verification step. The following example il-
lustrates an abstract iest case in TTCN:

+preamble
+test_body_part 1
+postamble 1
+test_body_part 2
+postamble 2

+test_body_part n

+postanble n

The "+’ symbol indicates the attachment of a TTCN tree. Trees attached at the same
level of identation are alternatives.

4.4.4 Discussion of Results

The test cases are divided in eight groups {ISO4), [Kan]. Seven of these groups are
provided to test the interaction capability of the DTE in every phase. The eighth test group
tests the setting of the following system parameters:

-- T1: retransmission time recovery.
-- N2: maximum number of aitempts made to complete a transmission.

The test groups are further divided in three subgroups; these are as follows:

-- subgroup 1: involves those test cases where the tester transmits a proper test
frame.

-- subgroup 2: involves those test cases where the tester transmits improper test
frames. '
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-- subgroup 3: involves those test cases where the tester transmits inopportune
test frames
Seven test subtrees, each one representing the preamble of one of the seven DTE
states, are defined as a part of a common library of test steps. A preamble allows to bring
the DTE to an initial test state from any state of the DTE. In the cass of the Disconnected
Phase, this is done simply by sending a DISC frame from the tester and then receiving a UA
or 2 DM response. In the case of the other states, the DTE is first brought to the Discon-
nected Phase and then taken to the appropriate state,
Seven other test subtrees, each one representing the postamble of one of the seven
DTE’s states, are defined as part of the common library of test steps. A postamble allows
to verify that the DTE is at the expected state.

4.5 Test Sequence Derivation for a L * PB LOTOS Specification

4.5.1 The Symbolic Tree

Given a process, th: LOTOS interpreter is able to systematically generate a labeled
symbolic tree (LST) up to given maximum lengths and widths. Such a tree shows all possi-
ble execution sequences for the entity specified by the process. When the maximum specified
length along a path is exceeded, this is indicated by closing the path with a continue. Paths
exceeding the specified width are simply ignored. As an example, the symbolic tree with a
length equal to four of process P, shown below, is given in the following:

process P[a,b] : noexit :=
a; b; P[a,b]
i
b; a; P[a,b]
endproc

la

I11b
illa
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1111b ==>continue
12b

[111a => continue
2b

Ila

Il1a

[111b ==>continue
12b

I111a => continue
4.5.2 Limitation of The Symbolic Tree

4.5.2.1 Introduction

When obtaining the symbolic wee of a process, the interpreter generates a great num-
ber of sequences that are either infeasible, in the sense that they relate to logically impossi-
ble paths, or redundant, in the sense that they differ the ones from the others by the place-
ment of nonrelevant internal events.

Of course eliminating all impossible paths and removing all nonrelevant internal
events is an undecidabie problem. Therefore, these execution sequences are simplified by us-
ing heuristics in order to make them useful for testing purposes by constructing a simplified
symbolic tree (SST).

4.5.2.2 Obtaining Finite Trees
The trees obtained are usually infinite. This is the normal case when recursion is in-

volved. Two methods for coping with infinite paths are detecting recursion, and ignoring some
paths under user control to construct the SST.

Detecting Recursion

Repeated occurrence of the same behaviour expression along a tree path is a case of
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recursion that can be detected automatically. A unique identifier is associated with an occur-
rence of a behaviour expression in a tree. Later, occurrences of the same behaviour expres-
sion in the same tree are replaced by :he identifier preceded by the word ‘again’. As an ex-
ample, the LST and the SST of process P ure shown below.
The LST is:

la

I1a

IHla

...

i

Pii...

H2b

1111 exit ** EXIT SUCCEED **

12b

111 exit ** EXIT SUCCEED **

2b

I'1 exit ** EXIT SUCCEED **

While the SST is:

bh0 * 1 a ==> again bh0
*2b
bhl * | 1 exit ** EXIT SUCCEED

Ignoring Some Paths

In generating behaviour trees for compléx systems, it is nonmal that one may wish to
ignore certain paths. For example for paths relating to the creation of several connections, it
can be useful to ~onsider the case of one connection only. Such paths are usually preceded by
-, internal actions; so one is alluwed to specify that the entire suktree following a certain inter-
nal action has to be ignored. o
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4.5.2.3 Infeasible Paths

One may be able to eliminate certain paths that are not feasible by trying to evaluate
symbolically guards and selection predicates. Predicates that cannot be evaluated to false
and which are not in contradiction with others previously assumed to be true, are s:sumed to
be true.

The detection of contradictions is in general an undecidable problem. Some heuristics
are used. Contradictions such as (g(x) and p(x)), where q(x)=not(p(x)) appearing in the list of
axioms are detected automatically. In addition the user can establish a data base of contra-
dictions.

An example is:

psabm|[phl]
{[phl]i
pdiscfphl]
where processes psabm and pdisc are:
process Psabm[phl] : exit :=
(phl ? £: frame [is-sabm(f)]
; phl 1 UA; exit)
N
phl ? f:frame [not(is-sabm(f))]
sPhl ? f: frame;exit
endproc

process Pdisc[phl] : exit :=
(phl ? f: frame [is-disc())]
;phl ! UA; exit)
1]
phl ? f: frame [not(is-disc(f))]
;phl ? f: frame; exit
endproc

Assume that the data base of contradictions contains:
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[is_sabm(f)}#[is_disc(f)]
This expresses the simple fact that a SABM frame cannot be a disconnection frame.
Suppose that the maximam length has been set to two, then before simplification, the tree is:

1 phl ?[f fjframe [is_sabm(f)][is_disc(f)]

11 11JA => continue

2 phl ?[£ f)frame (is_sabm(f)]}[not(is_disc(f)))

} 1 1 UA ==> continue

3 phl ?[f f]frame [not(is_sabm(f))]{is_disc(f)]

}1 1 UA => continue

4 ph! ?[f flframe [not(is_sabm(f))){not(is_disc(f)]
11 phl ?{f,flframe ==> continue

After simplification, the tree becomes:

1 phl ?[{ f)frame [is_sabm(f)][not(is_disc(f))]

[ 1! UA ==> continue

2 phl ?[f flframe [not(is_sabm({f))][is_disc()]

| 1! UA => continue

3 phl [f flframe [not(is_sabm(t))][not(is_disc(f))]
! 1 phl ?[f,f}frame => continue

4.5.3 The UIO Method

Since the UIO method has been usec in the derivation of test sequences from our
LAPB LOTOS specification, it is worthwhile to discuss in more details this method and see
how it has been adapted to our case. A UIO sequence is a mean for identifying the states of
a machine, since it is a unique I/O combination for each state. Assume, for example, the fol-
lowing five-state machine M. This machine has two inputs A and B and two outputs 0 and
1, the symbol A represents 2 null output and the 1epresentation A/1 means 1 is the output to
the input A. ' |

80



The following table shows a set of UIO sequences for states of M:

State 8) (8]
0 B/A
1 A/l A/l
2 B/O
3 B/1 B/l
4 A/l A0

A state can be uniquely identified by observing the output string produced by the ap-
plication of the input string from its UIO sequence. Thus if the input string is AA and the out-
putis 11, we know that we were at state 1 before the application of AA.

This methodology has been adapted to our purposes. For the tester, the identification
of a glven state consists of transmitting the input string and then receiving the output string,
if the apphcd UIO sequence consists of an input string and an output stnng
Assume that in a gwen state S a timer is used and if this timer expu'es an output (SABM) is
transmitted; this can be represented by the following figure

Timer expires/ SABM
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This represents the fact that, in state S, if nothing is received and a timeout occurs
the output SABM is sent. If the combination timer expires/SABM is unique to the state 3,
the identification of S can be done as: the tester starts its timer and does not send anything;
before its timer expires, the tester should receive the output SABM. This can be written in
TTCN:

(Start Timer)
L ? SABM pass
L 7 Otherwise fail
?Timeout Timer fail

In the obtained UIO sequences, the input strings consist of at most one input (if the
tester does not send anything the input string is null), whereas the output string consists of
only one output. This has the advantage of resulting in test sequences which are not too
long. |

Also a particularity of the DTE LAPB is that it is a non-deterministic protocol. This
led us to the following considerations. For example in the state LI, when receiving SABM
the DTE responds either with 2 UA or with a DISC and in state L2 the DTE when recetving
SABM responds with a UA. This can be written in TTCN as follows, where Td is a timer du-
ration:

(1)L'! SABM (2)L! SABM
L?UA pass L?UA pass
L?DM pass L ? Otherwise fail
L ? Otherwise fail ?Elapse Td fail
?Elapse Td fail

Since in both states L1 and L2 the DTE can respond 1o SABM with a UA, we cannot
distinguish between states L1 and L2. Therefore these two TTCN subtrees cannot be UIO
sequences for, respectively, state L1 and L2. In general, if non-determinism is involved for a
sequence starting with a transmission of fs in a given staté, this sequence is a UIO if all the
responses to fs in this state are not responses of fs in all other states.
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4.5.4 Test Sequence Derivation Methodology

The test sequence derivation methodology is based on the use of the SSTs and the
UIO method. In order to obtain manageable SSTs, the specification is divided in the three fol-
lowing phases:

-- Connection Phase.
-- Data Phase
-- Termination Phase.

and for each phase the SST's are generated.

Note that the tester behaves the opposite way of the DTE. A receive (symbol ’?’) in .
the obtained trees corresponds to a send (symbol °!") for the tester; and a send in the ob-
tained tree (symbol *!") corresponds to a receive {symbol *?") for the tester.

The same idea as the one in the LAPB FSM test sequence derivation methodology is
used. A test case consists of three parts:

(1) initialization part (initialization step)
(2) body part (evaluation step)
(3) verification part (verification step)

The initialization part consists of bringing the DTE to a given state. The body part
consists of performing all the transitions given by the transition tree for that state. The verifi-
cation part is a unique path which verifies the reached state. Test sequences are translated
in TICN. The translation from the obtained SST to TTCN is straightforward. As already
mentioned in 4.1.5, these test sequences use only one PCO, which is called L and corre-
sponds to the gate phl in the specification.

Initialization Step.

The initialization step consists of finding an initialization path which brings the DTE .
to a given state. Consider the following example which shows the DTE at the Disconnected
Phase. It is, of course, much simplified with relation to the reality. The DTE Disconnected
State can be represented by the following transition tree. This ree is a small part of the tree
called Disconnected shown in Appendix B.
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bhO * 1 phl 7f : frame[is_disc(f)]
*[1phl ! DM ==> again bh0
bhl * 2 phl ?f : frame[is_dm(f)]
*11phl ! SABM ==> continue
bh2 * 3 ohl 7 : framel[is_ua(f)] => again bh0
bh3 * 4 phi of : frame[is_sabm(f)]
* 11 phl ! DM ==> again bh0

This transition tree can be represented by the following state diagram

ua sabm/dm

disc/dm
dm/sabm (12)

&

The initialization path (ipll) which brings the DTE to the Disconnected Phase (state
L1 is not shown ir this figure. The path ipll is given by the Termination Phase part of the
specification. Itis added as a preamble to the test cases generated for state L1,

The initialization path (ipl2) which brings the DTE to state L2 is obtained by follow-
ing the edge (12) which goes to state L2. The path (ipl2) i, therefore, obtained by concate-
naiing path ipll with edge 12:
ipl2

+ipll

L!DM
L ? SABM

In general, given a current state, the transition tree for this state is obtained. Next,

‘test cases for this state are generated (see evaluation step). Then the edges of the current
transition tree which do not contain an ’again’ are explored, meaning that, probably, new
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states are reached. The initialization paths of the new states are obtained by concatenating
the initialization path of the current state with those edges which lead to these states.

Evaluation Step.

The evaluation step consists of obtaining the transition tree for the state following the
initialization step, and then performing all the transitions given by this tree. A transition is a
stimulus to which the DTE may or may not respond. It is constructed in the following way.
For a reception of a frame fs in the transition tree, there is a transmission of the frame f5 in
the evaluation step. Successively, for a transmission of a frame Jr in the transition tree,
there is a reception of the frame fr in the evaluation step. The transmission of f5 and the re-
ception of fr, if any, represent the body of the test case.

If a frame fr is received after sending fs, verification path of what follows the recep-
tion of fr is added to the body of the test case after reception of fr. If no reception follows the
sending of fs and there is an exit to a next phase, the verification path of the next phase is
added to the body of the test case. If no reception follows the sending of f5 and there is no
eXit to a next phase, the verification path of next actions is added to the test case after the
timer starts and stops (to make sure that nothing is received). An otherwise is added and a
verdict fail is issued at any point where something different from what is expected to be re-
ceived can occur. All this is summarized in the following:

phi!fs
--if reception
phl ? fr
+verification path of what follows
--else (no reception)
--if exit to next phase
+ verification path of next phase
--else (no exit to next phase)
--start timer
--timeout

+ verification path of what follows
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—-otherwise: fail
—otherwise fail
- expiration of timer ' fail
Consider the previous example with the transition tree (122) of state L2 as shown be-
low. This tree can be considered as a small part of the tree called Linksetup shown in Ap-
pendix B.

bh0 * 1 phl 7f : frame[is_disc(f)]
*11 phl ! DM => continue
bh1 * 2 phl 7§ : frame[is_sabm(f)]
*|1phl! UA **EXIT SUCCEED **
bh2 * 3 phl ?f : frame[is_va(f)] ** EXIT SUCCEED **
bh3 * 4 phl f : framefis_dm(f)] => again bh0
bh4 * 5 t ! expire : time
* 11 phl ! SABM ==> again bh0

This transition tree can be represented by the following state diagram. Edge (14) ex-

presses the fact that when a time-out occurs and the DTE does not receive anything, a
SABM is sent and the DTE stays in state L2 waiting for a response. Note that this condi-

-

disc_ dm

tion is not tested.

to state L1

time expire/sabm
14)

ua sabm/ua

| Tt;erefore the following four test cases are obtained:
(1) +ipl2
- L!DISC
L?DM
+ verif_11
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L ? Otherwise fail
?Elapse Td fail

(2) +ipl2
L!SABM
L 7UA
+ verif_14
L ? Otherwise fail
?Elapse Td fail

(3) +ipl2
phl ! UA

+ verif_i14

(4) +ipi2
Lt{DM
(Start Timer)
Timeout Timer
+ verif_]2
L ? Otherwise fail

~ The TTC.{ subtrees verif_l1, verif_12 and verif_l4 are the verification paths of respec-
tively state L1, state L2 and state L4,

Verification Step.

The verification step consists of finding a verification path. A verification path for a
given state is obtained from the transition tree of this state using the UIO method [SD},
[{SL]. To check that the DTE is at a given state we look for a path which is unique to the cor-
responding transition tree. This path consists of either the transmission of a frame f5 fol-
lowed by the reception of a frame f7, or by the reception of a frame fr before the timer ex- -
pires. In this latter case, the tester starts its timer and does not send anything, in which
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case the DTE should send the frame fr after its timer expires. Therefore the tester should re-
ceive frame fr before its timer expires; otherwise the test case fails.

To be a verification path for a given state, a path must not be present in any other
ransition trees. Consider again the previous example with the transition tree of state L4 as

shown in the following. This tree is a small part of the tree called Dataphase shown in Ap-
pendix B:

bh0 * 1 phl 7f : frame[is_disc(f)]
*| 1 phl ! UA ==> continue
bhl * 2 phl 7f : frame[is_sabm(f)]
*|1phl ! UA ==> again bh0
bh2 * 3 phl 7f : frame[is_ua(f)] ==> again bh0
bh3 * 4 phl 7f : frame[is_dm(f)]
*| 1 phl ! SABM ==> continue

This transition tree can be represented by the following state diagram:

sabm/ua Q ua

dmysabm disc/ua

to state L2 to state L1

We want to obtain the verification paths for states L1, L2 and L4. Let us start by
looking for the potential verification paths of each state. The potential verification paths of
state L1, which are obtained from the transition tree of state L1, are:

(pvpl.1) LI DISC

L?DM ' pass
L ? Otherwise fail
?Elapse Td fail

(pvpl.2) L1 SABM

88



L ?7DM pass

L ? Otherwise fail
?Elapse Td fail
(pvpl.3) L! DM
L ? SABM pass
L ? Otherwise fail
?Elapse Td fail
(pvpld) LIUA
(Start Timer)
?Timeout Timer pass
L ? Otherwise fail

The potential verification paths for state 1.2 are:
(pvp2.1) LI DISC

L?DM pass

L 7 Otherwise fail

?Elapse Td fail
(pvp2.2) L! SABM

L?UA pass

L ? Otherwise fail

?Elapse Td fail

(pvp2.3) L1 UA
(Start Timer)

?Timeout Timer pass
L ? Gtherwise fail
(pvp24) L! DM
(Start Timer)
Timeout Timer pass
‘ L ? Otherwise fail
(pvp2.5) (Start Timer)
L ?SAEM _ pass
L 7 Otherwise fail
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TTimeout Timer fail

The potential verification paths for state L4 are:
(pvp4.1) LI DISC

L?7UA pass
L ? Otherwise fail
?Elapse Td fail
(pvpd.2) L! SABM
L?7UA pass
L ? Otherwise fail
?Elapse Td fail
(pvp4.3) L1 DM
L ? SABM pass
L ? Otherwise fail
?Elapse Td fail
(pvpd4) L1 UA
(Start Timer)
?Timeout Timer pass
L ? Otherwise fail

The potential verification paths which are common to some states are removed from
the potential verification paths of those states. Paths (pvpl.l) and (pvp2.1) are identical.
Paths (pvpl.3) and (pvp4.3) are identical. Paths (pvp2.2) and (pvp4.2) are identical. Paths
(pvpl.4), (pvp 2.3) and (pvp4.4) are identical. For state LI the only potential verification
path that remains is (pvpl.2). For state L2 the only potential verification paths that remain
are (pvp2.4) and (pvp2.5). For state L4 the only potential verification path that remains is
(pvp4.1). .

In order to be the verification paths of these states, these paths must not be potential
verification paths of other states, included those yet to be considered. If (pvp4.l) is the veri-

fication path of state L4, a complete test case (2) for state 12 (see Evaluation Step) wpuid
be: )

+ipl2
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L!SABM

L?7UA

+pvpd.1)
L ? Otherwise fail
?Elapse Td fail

Resolution of Selection Predicates in SSTs.

It has already been mentioned that to the reception of a frame by the IUT, shown in
the generated SSTs by the symbol '?’, corresponds the transmission of a frame by the
tester. A selection predicate is associated with this reception. Frame value(s) must be gen-
erated from this selection predicate. The frame values which are generated are those for
which the selection predicate is true. These frames are the ones to be sent by the tester. To
each frame value corresponds a test case,

The selection predicates in the trees shown earlier in the explication of the test case
generation methodology are very simple. For example the following frame reception shown
in a tree:

phl ?f : frame[is-disc(f)]

means that the only frame value which can be generated from the selection predicate
[is-disc(f)] is a DISC frame. In reality, more complex selection predicates that admit more
that one frame value appear. Assume that the following reception is shown in a tree:

phl ?f : frame[is-disc(f) or (pf(f) eq 1)) |

The selection predicate of this reception [is-disc(f) or (pf(f) eq 1)] means that a
DISC frame or any frame for which the field pf is equal to 1, fulfil this selection pred.lcate
Suitable instances of such frames must be generated for testing purposes.

Consider another case in which the selection predicate shown in the tree is defined in
the specification as a combination of predicates. The following example illustrates this:
phl ?f: frame[Incorrect(f)} _ |
Assume that the predicate Incorrect is defined in the specification as:
Incorrect(f) = Not(Is-valid(f)) or Not(Not-abort(f))
Again, in order to specify the test cases one must see how the predicates Is-valid
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and Not-abort are defined in the specification, and frame values which satisfy either predi-

cate Not(Is-valid(f)) or predicate Not(Not-abort(f)) must be generated. This is done manu-
ally. |

4.5.5 Discussion of Results

In the following, we discuss the results we have obtained. Starting from the Discon-
nected State, we give for each phase the initialization path, the transition tree and the verifi-
cation sequence. Test cases are written in TTCN considering only the dynamic part. In par-
ticular, the constraint part is not described. In some trees, actions over the gate dl appear.
Gate dl is the gate in which interactions between the DTE LAPB and the network layer oc-
cur (figure 3.1). Since the remote test method is used, the interface between the DTE LAPB
and the network layer is not accessed. Therefore, the test case generation does not consider
actions over gate dl.

The global variables VS and VR are test suite variables used in some test cases. VS
and VR denote, respectively, the sequence number of the next I frame to be sent and the se-
quence number of the next I frame to be received by the tester. The identifiers P, F, NS and
NR are field names of the I frames sent or received by the tester (figure 3.2), whereas the
identifiers W, X, Y, Z and C/R are field names of an FRMR frame sent or received by the
tester (figure 3.3). These fields are declared in the declaration part and the values assigned
to them are specified in the constraint part. ‘

The tmer TMO1 is a tester timer. Its duration T4 is specified in the PIXIT. Td indi-
cates the time the tester must wait before determining that the TUT will not respond to a
tester stimulus. Timer T1 is a system parameter. Its duration T1 specified in the PIXIT, is
used by the TUT. In some trees, some internal events are removed. The trees referred in
this section are in Appendix B.

Disconnected State
This state corresponds to state L1 in the LAPB FSM shown in figure 4.6.

Initialization Path: the iniﬁalization sequence is given by the TTCN subtree
init_disconnéét (figure 4.7). ‘ ‘
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Transition Tree: the Disconnected tree in Appendix B shows such a wee. In this
tree, there are six alternatives which correspond to five transitions. Alternative (3) shows
an establishment request iiteraction between the DTE LAPB and the network layer. In al-
ternatives (4) and (5), only the frame values SABM (P:=1) and DM(F:=0), respectively, ful-
fil the selection predicates associated with these alternatives.

For alternative (4) the following test case is obtained:

+Init_disconnect
L ! SABM (P:=1)
L ?7UA [F=1]
+ verif_ua
L ? DM [F=1]
+ verif_disconn
L ? Otherwise fail
?Elapse Td fail
For alternative (5) the following test case is obtained:
+Init_disconn
L ! DM (F:=0)
L ? SABM [P=1]
+ verif_sabm
L ?DISC [P=1]
+ verif_disconn
L ? Otherwise fail
?Elapse Td fail

Verif_disconn is the verification sequence which tests that the DTE is at the Discon-
nected Phase. Verif_ua is the sequence that tests that the DTE has sent a UA frame in re-
sponse to a SABM frame (i.e the DTE is at the Data Phase). Verif_sabm is the sequence
that verifies that the DTE has sent a SABM frame in response to a DM frame (i.e the DTE
is at the Link Set Up Phase). | '

In alternatives (1), (2) and (6), selection predicates are more complicated. ‘Assume
- that we denote by f1.1 a frame for which the selection predicate in altcmativé (1) of the tree
is true, by f2.1 a frame for which Ithc‘ selection predicate in alternative (2) of the tree is true
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and by £6.1 a frame for which the selection predicate in alternative (6) of the tree is true.

Alternative (1) corresponds to the transmission by the tester of a DISC frame or a
command frame with the P bit set. A test case for this alternative, where f1.1 is the frame
RR(P:=1), could be:

+Init_disconn

L !RR (P:=1)
L ?7DM {F=1]
+ verif_disconn
L 7 Otherwise fail
7Elapse Td fail

Alternative (2) corresponds to the transmission by the tester of a frame which is not
a SABM, not a DISC and not a DM; such a frame is discarded. A test case for this alterna- -
tive, where f2.1 is the frame RR(F:=0), could be:
+Init_disconn
L ! RR (F:=0)
(Start TMO1)
?Timeout TM01
+ verif_disconn
L ? Otherwise fail

Alternative (6) corresponds to the transmission by the tester of an incomrect frame
which will be discarded by the DTE. A test case in this category, where £6.1 is the FCS-ER-
ROR, could be:

+Init_disconn
L ! FCS_ERROR
(Start TMO1)
. TTimeout TMO1
+ verif_disconn
L ? Otherwise ' fail

Verification Sequence: the wansition Disconnected tree characterizes the DTE's Dis- -
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connected State. From this tree we obtain the following potential verification paths (for
which see the section related to the Link Set Up State):

(1) Ltif11
L ?DM [F=1] pass
7Elapse Td fail
(2) Li1f21
( Start TM01)
7Timeout TMO01 pass
L 7 Otherwise fail

(3) L!SABM (P:=1)

L?UA [F=1] pass
L ?DM [F=1] pass
L ? Otherwise fail
?Elapse Td fail

(4) L DM (F:=0)

L ? SABM [P=1] pass
L ?DISC pass
L 7 Otherwise fail
?Elapse Td fail
(5) L!f6.1
(Start TMO1)
?Timeout TMO1 pass
L ? Otherwise fail

Link Set Up State

This state corresponds to state L2 in the LAPB FSM shown in figure 4.6.
Initialization Path: this path is obtained by following alternative (5) in the tree Dis-
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connected representing the DTE’s Disconnected State. The following initialization TTCN
subiree is obtained for the Link Set Up Phase.

+Init_disconn
L ! DM (F:=0)
L ?DISC inconc
L ? SABM pass
L ? Otherwise fail
7ELAPSE Td fail

Transition Tree: the Linksetup tree in Appendix B shows the transition tree of the
Link Set Up DTE’s State. This tree shows that after a SABM frame is sent, there are six al-
ternatives which correspond to five transitions. The first alternative correspond to the expi-
ration of the timer. The five other alternatives, which correspond to the five transitions,
show the reception by the DTE LAPB of a particular frame.

Alternative (6) corresponds to the transmission by the tester of a frame which is not
a DISC, not a SABM, not a UA and not a DM frame with final bit equal to 1. Such a frame is
simply ignored. Let us denote by 6.2 such a frame, Test cases obtained for this state are
similar to those in [ISO4).

Note that  trees tsabm_resolve_collis_0, tsabm_resolve_collis_1 and
tsabm_resolve_collis_2 show the DTE’s state after a SABM collision in respectively the
three cases of collision chosen by the DTE. In the first case the DTE enters the Data Phase
only after receiving a UA frame, in the second case the DTE enters the Data Phase after re-
ceiving a UA frame or after the timer expires and in the third case the DTE enters directly
the Data Phase.

Verification Sequence: from the Linksetup tree, the following potential verification
paths are obtained:

(1) (Start T1)

L ? SABM [Pél] pass
L ? Otherwise fail

"~ Timeout T1 ‘ fail
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2) L!UAE=]1)

(Start TMO1)
?Timeout TM(1 pass
L 7 Otherwise fail

(3) L!DM (F:=1)

(Start TMO1)
?Timeout TMO1 pass
L 7 Otherwise fail
(4 L!IDISC
L ? DM [F=1] pass
TELAPSE Td fail

(5) L!SABM (P:=1)

L ?7UA [F=1) pass
. L ? Otherwise fail
7ELAPSE Td fail
6) L!f6.2
(Start TMO1)
TTimeout TMO1 pass
L ? Otherwise fail

We have to remove the potential verification sequences which are common to the Dis-
connected State and the Link Set Up State. Verification sequences (3) in Disconnected
State and (5) in Link Set Up State are similar. Sequences (2) and (3) in Link Set Up State
are included in sequence (2) of Disconnected State, because frame f2.1 can be a UA(F:=1)
frame or a DM(F:=1) frame. Sequence (4) in Lmk Set Up State is included in sequence (1)
of Disconnected State, because frame f1.1 can be a DISC frame. Therefore verification se-
quencés (2), 3), (4) and (5) of Link Set Up state are removed from the potential verifica-
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tion sequences of this state.

Sequence (2) of Disconnected State is included in sequence (6) of Link Set Up, be-
cause any frame which is an 2.1 frame is a f6.2 frame (selection predicate of alternative (2)
in tree Disconnected is included in the selection predicate of alternative (6) of tree Linkset-
up). Sequence {5) of Disconnected State is included in sequence (6) of Link Set Up, because
any frame which is an £6.1 frame is a 6.2 frame (selection predicate of alternative (6) in tree
Disconnected is included in the selection predicate of alternative (6) of tree Linksetup).
Therefore sequences (2), (3) and (5) of Disconnected State are removed from the potential
verification sequences for this state.

Data Phase State

This state corresponds to state L4 in the LAPB FSM shown in figure 4.6,
Inidalization Sequence: By following alternative (4) of Disconnected Tree the Data
Phase state may be reached. The initialization sequence for this DTE’s state:

+tdisconn
L ! SABM (P:=1)
L 7?7 DM [F=1] inconc
L ?UA [F=1] pass
L ? Otherwise fail
?Elapse Td fail

Transition Tree: the Dataphase. tree in Appendix B shows such a tee. Test cases
obtained for this state are similar to those in [ISO4].

Verification Sequence: the potential verification sequences for this state are derived
from the Dataphase tree. According to what We have seen earlier, the potential verification
sequences for this state which are present or are included in those of the Disconnected and
the Link Set Up States are removed. Only the following potential verification states remain:
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(1) L!RNR (P:=1)

L?7RR [F=1] pass
L ?7RNR [F=1] pass
L ? Otherwise fail
?Elapse Td fail
(2) L!RR (P:=1)
L ?RR [F=1] pass
L ?RNR [F=1] pass
L ? Otherwise fail
?Elapse Td fail

(3) L!T (P:=1, NS:=V§,NR:=VR)

(VS:=VS +1)
L ?RR [F=1] [NR=VS] pass
L 7 RNR [F=1] [NR=VS§] pass
L ? Otherwise fail
?Elapse Td fail

(4) L!I(P:=0) (NS:=VS§+1)

L 7 REJ [F=0] [NR=VS] pass
L ? RE]J [P=0] [NR=VS§] - pass
L ?REJ [P=1] [NR=VS§] pass
L ? Otherwise fail
?Elapse Td fail

(5) L!I(NS:=VS) (NR:=VR+3)

L ?FRMR pass
L ? Otherwise fail
?Elapse Td | fail
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Note that the potential verification sequences for the Disconnected and the Link Set

Up States which are present in the list of potential verification sequences of the Data Phase,
are also removed.

Frame Reject State

This state corresponds to state L5 in the LAPB FSM shown in figure 4.6.
Initialization Sequence: by following alternative (7) of Dataphase tree, the tester puts

the DTE in the Frame Reject State (i.e the DTE sends an FRMR frame). The initalization
sequence for this state is:

+Init_data_phase
L ! T(NS:=VS, NR:= VR+3)
L ? FRMR [WXYZ="0001"B] [C_R=0]
L 7 Otherwise fail
?Elapse Td fail

Transition Tree: FRMR tree in Appendix B shows the transition tree for this state.
Test cases obtained for this state are similar to those in [ISO4).

Verification Sequence: from the FRMR tree shown in Appendix B, the potential verifi-
cation sequences for this state are obtained. Those which are present or are included in the

potential verification sequence lists of the Disconnected, Link Set Up and Data Phase States
are removed. Only the following potential verification sequence remains:

(Start T1)
L?FRMR [P=1} pass
L ? Otherwise fail
?Timeout T1 - fail
Sent Reject State

This state corresponds to state L6 in the LAPB FSM shown in figure 4.6.
Initialization Sequerice: by following alternative (27) of tree Dataphase, the tester .
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puts the DTE in Sent Reject State (i.e the DTE sends a REJ frame). The initialization se-
quence for this state is:
L!I(NS:=VS + I,NR:=VR)

L 7 REJ [F=0] [NS=VS§]

L ? REJ [P=0] [NS=VS]

L ? REJ [P=1] [NS=VS§]

L ? Otherwise fail

?Elapse Td fail

Transition Tree: the tree REJ in Appendix B shows the transition tree of this state.
Test cases obtained for this state are similar to those in [ISO4].

Verification Sequence: from the transition tree REJ, the potential verification sequenc-
es for this state are obtained. Those which are present or are included in the potential verifi-
cation sequence lists of the Disconnected, Link Set Up, Data Phase and Frame Reject States

are removed. Only the following verification sequence remains:

(Start T1)
L ?REJ [P=1] pass
L ? Otherwise fail
ITimeout T1 fail

This venfication sequence for the Sent Reject State is different from the one in
[ISQ4]. This is an interesting result (see Section 4.5.6 for further discussion).

Busy State
This state corresponds to state L7 in the LAPB FSM shown in figure 4.6.

Initialization Sequence: by making the tester follow alternative (18) of tree
Dataphase, the DTE may enter the Busy State. The initialization sequence for this state is:
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+init_data_phase
L ! I{®:=0) (NS:=VS) (NR:=VR)

L 7RNR

L?I inconc
L?RR inconc
L ? Otherwise fail
?Elapse Td fail

Transition Tree: the transition tree RNR shows the transition tree for this state. Test
cases obtained for this state are similar to those in [ISO4].

Verification Sequence: from the tree RNR the potential verification sequences for this
state are obtained. Those which are present or are included in the potential verification se-
quence lists of the Disconnected, Link Set Up, Data Phase, Frame Reject, Sent Reject and
Busy States are removed. - Only the following verification sequence remains:

L I (P=1)(NS:=VS+1)(NR:=VR)

L ? RNR [F=1] [NR=VR] pass
L ?DISC inconc
L ? Otherwise fail
?Elapse Td , fail

This verification sequence is different from the one in {ISO4] (see 4.5.6).

Send Disc State

This state corresponds to state L3 in the LAPB FSM shown in figure 4.6.
Initalization Sequence: by following alternative (2) of Dataphase tree, the tester may
cause the DTE to send a DISC frame. The initialization sequence is:
+init_dat_phase

L!UA (F:=1)
L ?DISC [P=1]
L ?SABM [P=1] inconc
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L ?DM [F=0] inconc
L ? Otherwise fail

Transition Tree: the LINKDISC tree in Appendix B shows the transition tree of this
state. Test cases obtained for this state are similar to those in [ISO4].

Verification Sequence: the obtained verification TTCN subiree is similar to the one in
(1SO4].

4.5.6 Summary of Main Results

Three main interesting results have been obtained: these are the verification sequenc-
es for the Data Phase, Sent Reject and Busy States, which are different from the ones in
{ISOA4].

The obtained verification sequence for the Data Phase state is:

L ' T(P=0, NS:= VS+1, NR:=VR)

L ? REJ [F=0] pass
L 7 REJ [P=0] pass
L ? REJ [P=1] pass
" L?Otherwise. fail
?Elapse Td fail

This sequence is unique to the Data Phase. The verification sequence for the Data
Phase State in [ISO4] is:

LIRNR (P:=1)
L ?RR [F=1] pass
L ?RNR [F=1] pass
L 7 Otherwise fail
?Elapse Td 7 ‘ fail

However, the following TTCN subtree is a potential verification sequence for the Sent
Reject State: ' ' | '
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L!RNR (P:=1)

L 7RR [F=1} pass
L ?RE] [F=1] pass
L ? Otherwise fail
?Elapse Td fail :

From these iwo latter TTCN subtrees it can be seen in both states (Data Phase
State and Sent Reject State) that the DTE can decide to respond, to a command RNR
(P:=1) frame with a response RR [F=1] frame. Therefore we cannot decide in which state
the DTE was (Data Phase State or Sent Reject State) by sending an RNR (P:=1) command

frame,

The obtained verification sequence for Sent Reject State is:

(Start T1)
L ?REJ [P=1] pass
L ? Otherwise fail
Timeout T1 fail

This sequence is unique to the Sent Reject State. The verification sequence for the
Sent Reject State in [1SO4] is:

L!RR (P:=1)
L ?RR [F=1] pass
L ? REJ [F=1] pass
L ? Otherwise fail
?Elapse Td fail

While the following TTCN subtree is a potential verification sequence for the Data
Phase State:

‘L ! RR (P:=1)
L 7RR [F=1] pass
L ?7RNR [F=1] pass
L 7 Otherwise fail
?Elapse Td fail

104



As previously, it can be seen from these two latter TTCN subtrees that the DTE can
decide to respond to a command RR (P:=1) frame with a response RR {F=1] frame in both
Data Phase State and Sent Reject State. Therefore, we cannot decide in which state the
DTE was (Data Phase State or Sent Reject State) by sending a command RR (P:=1) frame.

The obtained verification sequence for the Busy State is:

L I'I (P:=1, NS:=VS+1, NR:=VR}

L ?RNR [F=1] [NR=VR] pass
L ? Otherwise fail
?Elapse Td fail

This sequence is unique to the Busy State. The verification sequence for the Busy
State in [ISO4] is:

L ! RNR (P:=1)
L ?RNR [F=1] pass
L ? Otherwise fail
?Elapse Td fail

While the following TTCN subtree is a potential verification sequence for the Data
Phase:

L ! RNR (P:=1)
L ?RR [F=1] pass
L ? RNR [F=1] pass
L ? Otherwise fail
?Elapse Td fail

. From these two latter TTCN subtrees it can be seen that the DTE can decide to re-
spond, during the Data Phase, to a command RNR (P:=1) frame with a response RNR [F=1]

frame. Therefore we cannot distinguish between the Data Phase State and the Busy State
by sending a command RNR (P:=1).
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4.6 Comparison

The earlier work of generation of test cases for 8 DTE LAPB [Kan] was done on the
basis of the transition table of the DTE LAPB. This work was facilitated by the fact that the
FSM model for protocol specification is well developed and there are many tools for its verifi-
cation. Hence, test suites can be correctly developed using the validated FSM specification
for the protocol. Another reason for using this method is that the three step method for gen-
erating test cases is easy to use with a FSM model and considers the important cases of
proper, improper and inopportune test stimuli.

However, in general, the translation of a protocol informal description to a finite state
machine poses some difficulties. There is no known algorithm reducing the finite state ma-
chine so that the result is minimal, completely specified and is a true translation of the infor-
mal description. There is a possibility that the number of states in the FSM model would be .
very large. In that case, the state transition table will be very large also, and testing all the
transitions for proper, improper and inopportune PDUs will become very time expensive. Fi-
nally, because it is a semi-formal description, the FSM model does not describe clearly
some aspects of a protocol. For example, the timing is not clearly specified. Consequently,
one has to refer to the informal specification too, when doing the test case generation, in or-
der to see how the aspects not clearly specified in the FSM are described.

On the other hand, because it is writien in the formal description technique LOTOS,
our LAPB specification entirely and clearly describes the behaviour of the DTE LAPB.
Therefore, the test case generation can be done solely from the LOTOS LAPB specification.
Actually, LOTOS describes more clearly and more precisely protocols than state tables,
mainly for two reasons. The first reason is that LOTOS formalizes the data, whereas state
tables do not. The second reason is that certain aspects of the protocol are not clearly de-
scribed by state tables, like the timing.

The first point one has to deal with, when writing a protocol specification in LOTOS,
is 10 adopt a specific specification style. This style will have effects on the size of the specifi-
cation, the ease of simulating and debugging it and on the test case generation step, if gener-

ation of test cases is a purpose of writing the specification. In order to generate test cases

from a LOTOS specification, one has to find an appropriate methodology. Unfortunately, no . .

methodology is known for generating test cases from a real-life LOTOS specification. We *
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have seen that the theory discussed in Section 4.3 is severely limited in practice. Therefore
we used an adhoc method, combining the use of symbolic trees with the UIO method. Our
methodology may not be practical for much larger specifications, because of the use of sym-
bolic trees.

The use of the UIO method has led us to find three interesting results. These are the
verification .scqucnccs for the Data Phase State, the Sent Reject State and the Busy State.
The sequences found allow to uniquely identify these states,
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Chapter 5.  Conclusion and Suggestions for Future Work

5.1 Summary of the Thesis

We have developed a LOTOS specification for LAPB, the X.25 data link layer, and we
have described the derivation of test cases from this specification by using the LOTOS inter-
preter ISLA. First, we started by inroducing some concepts related to the FDT LOTOS.
We have, then, described the design of the LAPB specification in LOTOS. We have shown
that, in general, LOTOS specifications can be written in different styles. Because our specifi-
cation was intended to be used for test cases, we have seen why the most effective design
style in LOTOS, the constraint-oriented style, was not used.

After briefly describing FSM test case derivation methodologies, we presented the
methodology used in generating test cases for the LAPB FSM. We have shown that, in the
case of LOTOS, the only test case derivation methodology that exists applies to a very limit-
ed subset of the language only. Therefore, it was not possible to use this methodology in our
case. We presented the methodology of generating test cases from our LAPB LOTOS speci-
fication, which combines the use of the symbolic trees generated by the interpreter with the
use of the UIO method.

Some features were added to the LOTOS interpreter to considerably reduce the size
of the generated trees (Section 4.5.2). Finally, we have seen that some additional interest-

ing results were found in our methodology, in comparison with those obtained from the LAPB
FSM.

5.2 Suggestions for Future Work

The LAPB protocol has been completely specified in LOTOS. A pdssible next step
would be to specify in LOTOS the optional Multi-Link Procedure (MLP), by using the exist-
ing LAPB specification. The MLP is used for data interchange over one or more single link
procedure. Optional test cases can, then, be generated from the LOTOS specification.
These test cases would have to be passed when support of MLP is claimed. Note that test ,
cases for MLP are not specified in [ISO4]. | |

Another more challenging task would be to specify the packet level of X.25 in LO-
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TQS. Tt would be interesting to try to apply our methodoiogy to this level, to see if it is still
practical,

A software 100l added to the LOTOS interpreter which allows to check if a trace, writ-
ten as LOTOS process, is part of a LOTOS specification, is being implemented at University
of Montreal. This check is done by synchronizing the trace with the specification. If the trace
is not pant of the specification, some diagnostics are given by the tool. This tool could be
used in our case after translating the given test cases written in TTCN into LOTOS process-
es.

Furthermore, additional research in this area may show how the method used here
could be made more powerful and possibly automated to some extent with the use of appro-
priate tools, in order to make our methodology practical on a larger scale.

Derivation of test cases from LOTQS specifications is a very new topic, which is still
in the preliminary stage of research. To our knowledge, this is the first work that demon-
strates test case generation from a real, large protocol specification written in LOTOS.
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Appendix A: The LAPB Specification in LOTOS
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specification spec[dLphl] (n2k.resolvecollis : Natsenddmoption : Bool, tmode : mmode) : noexit
library
NaturalNumbes, Boolean, BitString, Bit
endlib

type Time is
sorts time
opns
start :-»Lime
expired : -> time
reset :-> lime

endtype

type Trrmine is
SOTLS termn
opns
tetmine :-> lemm
causetermine ; -> term
endrype

type Linkrzset is
sons linkreset
opns
causelreset : -> linkreset
Ireset  :->linkreset
endtype

type Packet is BitString
renamedby
sormames packet for BitString
endrype

type Mode is NaturalNumber,Boolean
sorts mmode
opns
basic : -> mmode
extepded : -> mmode
k :mmode -> Nat
eq :mmode, mmode ->Bool
eqns
ofsont Nat
kbasic) = Suce(Suce(0)) ** (Succ(Succ(Succ(0)))) ;
k(extended) = Succ(Succ(0)) ** (Succ{Suce(Suce{Succ{Suce(Suce(Succ(0)NM) ;
ofsort Bool
eq(basic,extended) = false;
eq(basic,basic), =true;
eqlentended,basic) = false;
eq(extended, extended) = true;
endtype

type Role is 2 dress, Boolean
sons role
opns
die: ->role
dce: -»role
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56 adr : role -> adress

57 eq :rolerole -> Bool

58 eqns

59 ofsort adress

60 adr{die) = 2;

61 adr{dece) = b;

62 ofsort Bool

63 eq(die,dic) = true;

64 eq(die,dee) = false;

65 eq(dee,dec) = true;

66 eq(dee,die) = false;

67 endrype

68

69 type Adress is Boolean

70 sors adress

1 opns

2 a ¢ <> adress

73 b ; -> adress

74 is_a : adress -> Bool
75 isb : adress -> Bool
76 corrupt_edr  : adress -> adress
77 is_corrupt_adr : adress -> Bool
78 eq : adress,adress -> Bool
9 eqns

80 forall x : adress

81 ofsort Bool

82 is_a(a) =true;

83 is_a(b) = false ;

84 is_b{a) = false;

85 is_b(b) =me;

86 is_corrupt_adr{a) = false ;
87 is._corrupt_adr(b) = false ;
88 is_corrupt_adr(corrupt_adr{x)) = true ;
89 eq(a,n) = true;

90 eqab) = false;

91 eq(b,a) = false;

92 eq(b.b) = true;

93  endtype

94

95 type Flag is Boolean

96 sorts flag

97 opns

98 flagging :  -> flag

99 noflag :flag -> flag

100 is_flag :flag -> Bool

101 eqns

102 . forall f: flag
103 ofsort Bool

104 is_fag(flagging) = true;
105 is_flag(noflag(f)) = false;
106  endrype

107

108  type Infor is Boolezn

109 sorts inforr

110 opns

11t infor :-> inforr

112 noinfor :-> inforr

113 is_infor : inforr -> Bool
114 eqns
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115 ofsort Bool
116 is_infor(infor) = true;
117 is_infor{noinfor) = false;

118  endtype

119

120  type Comlength is Boolean

121 (* rype greater for max established for i frame and super unember frame *)
122 sorts corlength

123 Opns

124 comect: -> corrlength

125 incorrect ; -> corrlength

126 "is_correet : corrlength -> Bool
127 eqns

128 ofsort Bool

129 is_correct(correct) = true;

130 is_correct(incorrect) = false;
131  endrype

132

133 rype Lesslength is Boolean
134 sons lesslength

135 opns

136 less: -> lesslength

137 notess : -> lessiength

138 is_not_less :lesslength -> Bool
139 eqns

140 ofsort Bool

141 is_not_less(less) = false;

142 is_not_less(notless) = true;

143 endrype

144

145  type Abortf is Boolean
146 sorts abortf

147 opns
148 sbort -> abortf
149 noabort : -> abortf
150 is_abort: abortf .> Bool
151 egns
152 ofsont Bool

- 193 is_sbori(abort) = true;
154 is_abori(noabort) = false;
155 | endtype
156
157  type Control is NatralNumber, Bit
158 sorts ctl
159 opns
160 ctl_iframe : Nat, Bit, Nat > ctl
161 cU_sframe : Bit, Nat  -> ci
162 ' etl_uframe: Bit > ctl
163 undef H - > el
164 is_undef_ctl :ctl > Bool
165 nss rell > Nat
166 nrr setl <> Nat
167 pit zedl > Bit
168 eqns

169 “forall s, r:Nat,x:Bit,c:ell
170 ofsort Bool

171 is_undef_ctl{undef(c)) = true;
172 is_undef_ctl(ctl_iframe(s,x,r)) = false;
173 is_undef_ctl(ct_sframe(x,r)) ={false;
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174 is_undef_ct(ct_uframe(x)) = falsc;
175 ofsort Nat

176 nss{ctl_iframe(s,x,r)) = s
177 nrr{etl_iframe(s,x.1)) =1;
178 nrr{ct_sframe(x,r)) =r;
179 ofsort Bil

180 pif(ctl_iframe(s,x.1)) = x;
181 pfftct_sframe(x,r)) =x;
182 pfi(ctd_uframe(x)) =x;
183 endrype

184

185  type Fcs is Boolean

186 sorts fcs

187 opns

188 fc :  >fes

189 commupt_fes :fes -> fes
190 is_corrupt_fcs : fcs -> Bool
191 eqns

192 forall x: fes
193 ofsart Bool

194 is_corrupt_fes(fe) = false;

195 is_corrupt_fes(corrupt_fes(x)) = true;
196  endtype

197

198  type Frmireason is Control NaturalNumber,Bit
199 sorts frmrreason

200 opns

201 nors : -> frmrreason

202 make_reason : ct},Bit, Nat BitNat,Bit, Bit, Bit Bit Bit -> frmmreason
203 cndtype

204

205 type Frametype is NaturalNumber, Packet, Adress, Flag, Control, Fes,Frmrreason, Boolean, Infor, Comrlength, Lesslength
206 sorts frame

207 opns

208 make_iframe : flag, adress, ctl, packet, fcs, flag -> frame
205 make_tr  : flag, adress, ctl fcs, flag -> frame

210 make_ror : flag, adress, ctl, fcs, flag -> frame

211 make_rej : flag, adress, ctl, fcs, {lag -> frame

212 make_sabm : flag, adress, ct], fcs, flag - {rame

213 make_sabme : flag, adress, cul, fcs, flag -> frame

214 make_disc :flag, adress, ctl, fcs, flag -> frame

215 make_ua : flag, adress, etl, fes, flag -> frame

216 meke_dm :flag, adress, ctl, fcs, flag -> frame

217 make_frmr : flag, adress, ctl, frmreason, fcs, flag -> frame
218 get_ctt  :frame > cll

219 get_flagl :frame -> flag

220 get_flag2 : frame -> flag

221 get_adr :frame -> adress

222 get_packet : frame -> packet
223 get_info ;frame -> frmereason
224 get_fes  :frame -> fcs

225 is. i : frame -> Bool
226 isgr  :frame -> Bool
227 is_mr :frame > Bool
228 is_rej :frame -> Bool
229 is_sabm : frame -> Beol
230 is_sabme : frame -> Bool .
231 - is_disc ; frame -> Bool

232 is_ua :frame > Bool
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ie

is dm :frame -> Bool

is_frmr :frame -> Boeol

h : frame -> Nat

15_8 : frame -> Bool

i5_u : frame -> Bool
eqns
forall f : frame, f1, £2: flag, a : adress, ¢ : ct, inf : frmsreason,

fec : fcs, p : packet

ofsort Nat
himake_iframe{fl,nc,p,fcc,2)) = 0;
h{meke_m(fl,0.c,fcc,2)) = Suec(0);
himake_rnr(fl.ac.fcc2)) = Succ(Succ(0)):
h(make_rej(fl,a.c.fccf2)) = Suce{Suce(Suce(0)));
h(make_sabm(fl.a.c,fec,f2)) = Suce(Suce(Suce(Suce(0))));
h(make_sabme(fl,a,c,fcc,f2)) = Succ(h(make_sabm(f1,a,c,fce.2))) ;
h(make_disc(fl,a.c.fec.f2)) = Succ(h(make_sabme(f1,2.c.fcc.f2)));
h(make_va(fl.acfecf2)) = Succthimake_dise(fl.a,c.fce,f2)));
h{make_dm(fl,a,¢c.fcc,12)) = Succ(h(make_us(fl,a.c,fcc,f2)));
h(make_frmr(fl,ac.inffec.f2)) = Succth(make_dm(fl,a,c,fec,02)));
ofsort Bool
is_i(f) = (h(f) eq O
is_rr(f) = (h(f) eq Succ(0));
is_mr(f) = (h(f) eq Succ(Suce{0)));
is_rej(f) = (h(f) eq Succ(Succ(Succ{0)));
is_sabm(f) = (h(f) eq Succ{Succ(Succ(Succ(0)))
is_sabme(f} = (h(f) eq Succ(Suce{Succ(Suce(Succ(0)N));
is_disc{f) = (h(f) eq Succ{Suce(Succ{Suce(Suce(Succ(0)NN);
is_ua(f) = (h(f) eq Succ(Succ(Suce{Succ(Succ(Suce(Succ(0))N))):
is_dm(f)= (h(f) eq (Succ(Succ(0))) ** Succ(Suce(Suce(0))));
is_frmr(f) = (h(f) eq (Succ(Suce(Suce(0)))} * Succ(Suce(Succ(0)));
is_s(f) = (is_re(f) or is_mr(f)) or (is_tej(N) ;

is_u(f) = (((is_sabm(D)) or (is_sabme(£))) or (is_disc(f))) or (({is_ua(D) o (is_dm(D)) or (is_frme(f)))

ofsort cil
get_ctl{make_tframe(f1,z.c,p.foc,f2)) = ¢;
get_ctl(make_m(flacfec.f2))=c;
get_cti{make_mr(f1,a.c fcc,f2)) = ¢
get_ctl{make_rej(f,a,c,fcc,2)) = c;
get_cil(make_sabm(fl,a.0.fcc,f2)) =¢:
get_cl{make_sabme(f1,a,c,fec,f2)) = c;
get_cil(make_dise(fl,acfec2)=c;
get_ctl(make_ua(fl,a.c.foc.f2)) = ¢;
get_ctlimake_dm(f1,acfcc,f2)) =c;
get_ctli(make_frmr(fl a,c.inffoc,£2)) = c;

ofsort flag
ger_flagl(make_iframe(fl,a,c,p.fca.f2)) = f1;
get_flagl(make_rr{fl1,a,c.fcc,2)) = f1;
get_flagl(make_muifl,a.c.fec,f2)) = 11;
get_flag)(make_rej(F} a.c.fecf2)) = £1:
get_tlagl(make_sabm{fl,a,c fec,02)) =f1;
get_flegl(make_sabme(fl,a.c.fec,£2)) = f1;
get_flagl(make_disc(fl,n.cfec,2)) = f1;
get_Nagl(make_ua(fl,a,c foc,2)) = f1;
get_flaglymake_dm(fl,a.c.fce,f2)) = f1;
get_flagl(make_frmr(f1,e,¢,inf,fcc,£2)) = £1;
get_flag2{make_iframe(fl,n,c,p.fce.f2)) = 12;
get_flag2(make_rr(f1,a,c.fcc,f2)) = £2;
gel_ﬂagZ(make_mr(fl |'~c|fcc|f2» = (’2;
get_flag2(make_r ei(fl aefeef2)) =12
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292 get_flag2(make_szbm(fl,a,c,fce,2)) = £2;

293 get_flag2(make_sabme(fl,a c,fec f2)) = {2;
294 gel_flag2(make_disc(fl,z.c.fcc,i2)) = £
295 get_flag2(make_ua(f1,a.c,fcc,i2)) = {2

296 get_flag2(make_dm(fl,a.c.fcc,2)) = £2;
297 get_flag2(make_frmr{fl,a,c,inf.fcc.f2)) = £2;
208 ofsort adress

299 get_adr{make_iframe(f,a,¢,p.foc.f2)) = &5
300 get_adr(make_rr{fl,2.c.fec,i2)) = »;

301 get_adr(make_mmrifl.ac.fcc.f2)) = a;

302 get_adr{imake_rej(fl,a,c,fcc,f2)) = o;

303 get_adr{make_ssbm(fl,a.c fcc.f2)) = x;

304 get_adr(make_sabme(f1,&,c.fcc,f2)) = a;
305 get_adr(make_dise(fl a,c,fce,2)) = a5

306 get_adr(make_ua(fl,ac fee,f2)) = a;

307 gel_adr{make_dm(fl acfec,f2)) = a;

308 get_adr(make frmr(fl,a.c,inf,fcc,f2)) = 2;
309 ofsert el

310 get_ctl{make_iframe{fl,ac.p.fcc.f2)) =c;
31 get_ctl{make_wmr(fl,a,¢.fecf2))=c;

312 get_ctl{make_mr(fl,a.¢ fee.f2)) = c;

313 get_cti{make_rei(fl,a.c.fee,f2)) = c;

314 get_ctli(make_sabm(fl,a,c,fee,[2)) =¢;

315 get_ctl{make_sabme(fl,a.¢.fec.f2))=c;

316 get_cti{make_disc(fl,a.cfec f2))=c;

317 get_ctl{make_uva{fl.acfecf2)) =¢;

318 get_ctl(make_dm{fl.ac.fec,i2)) =¢;

319 get_ctimake_frmr(f1,a.c.inf fec,i2)) = c;
320 ofson packet

321 get_packet{make_iframe(fl.a,¢,p.fcc,f2)) = p;
322 ofson fes

KYX) get_fes(make_iframe(f],a.c,p,fec.f2)) = fec;
Kyl get_fes(make_rr(f1,a,c,fcc,f2)) = fec;

325 get_fes(make_mr(fl,a,¢.fcc,f2)) = foc;

326 get_fesimake_tej(fl,ac.fec,(2)) = fec;

327 get_fes(make_sabm(fl,a,c,fcc,12)) = fec;
328 get_fes(make_sabme(fl,8.6.fcc.f2)) = fec;
329 get_fes{make_disc{fl,a,c.fcc.f2)) = fec;
330 get_fes(make_ua(fl.a.c.fee,2)) = fec;

331 get_fes(make_dm(fl.a.c.fee.2)) = fec;

332 get_fes(make_frmr{[1,8,c,inf,fcc,f2)) = fec;
333 ofsont frmureason

334 get_info{make_frmr(f1,a,c,inf fcc,i2)) = inf;
335  endtype -

336

337  type Extframerype is NatralNumber,Framety:« Infor, Contlength,
338 Lesslength, Abontf, Boolean,Mode '
339 sorts eframe '

340 opns

341 _mod_: NatNa > Nat

342 —~— +NatNa ->Nat

343 m : frame,inforr,conlength,lesslength,abortf -> eframe
344 collis : eframe.eframe -> Bool

345 Tesp  :eframe > Bool

346 is_valid :eframe -> Bool

347 is xeject : eframe -> Bool

348 nol_sbort : eframe -> Bool

349 " comect ; eframe -> Bool

350 incorrect : eframe -> Bool
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35
352
353
354
355
356
357
358
359
360
361
362
363

365
366
367
368
369
370
n
n
kYK
374
375
376
n
KX}
379
380
38
382
383

385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

figl  :eframe ->flag

g2 :ecframe->flag

pack :cirame -> packer

adrs  :eframe -> adress

col :effame->al

fess @ eframe <> fos

reasfrmr : eframe -> frmureason
ns : eframe -> Nat

nr : eframe -> Nat

pf  :eframe > Bit

get_mfor : eframe -> inforr
getc  :eframe -> comrlength
getl :ecframe -> lesslength
get_f :eframe -> frame

get_a  :cirame -> abontf
is_inforr ; eframe -> Bool

corrl  : eframe -> Bool

-tq_ :eframeeframe -> Bool
notvalid_nrf  ; eframe,Nat Nat Nat -> Boal

eqns
forall f: eframe {1 ; eframe, fr: frame, a : abortf, ir : inforr, ¢ ; corrlength, 12 lesslength, vs Juxy, k: Nat

ofsort flag
flg1(m(fr,ir,c,),a)) = get_flag1(fr);
f1g2(m(fr,ir,c,1,8)) = get_flag2(fr);

ofsort packet

pack(m(fr,ir,c,La)) = get_packet(fr);
ofsort adress

adrs{m(fr,ir.cla)) = gel_a.d:(l'r)'
ofsort et

ctl{m{fr,ir,c,1,a)) = get_ctl(fr);
ofsort fes

fess(m(fr,ir,c,l,a)) = get_fes(fr);
ofsort frmrreason

reasfrmr(mfr,ir,c.1,2)) = get_info(fr);
ofsort Nat

ns(m(fr,ir,c,1,a)) = nss{get_cu(fr));
ar{m(fr,ir,c,1,8)) = nrr{get_ct{fr));
ofsort Bit
pl(m(fr.ir.c..8)} = pf(get_cil(fr));
ofsort abord
get_a(m(fr,ir,c,),2)) = a;
ofsort inforr
get_infor{m(fr,ir.cla)) =
ofsort corrlength
get_c(mifrircla))=c;
ofsort lesslength
get lm(frircla)) =1
ofson frame
gel_f(m(ﬁ'.ir.c.l.a)) =fn
ofsort Bool ‘
(h(g=t_£(f)) eq higet_ff1))) => collis(f,f1)= true;
(h(get_f()) ne higet_K£1))) => collis(f.f1)= false;
(is,_sabm(get_f(f)) or is_sabme(ger_f(1))) => resp(f) = false;
is dxsc(get_f(f)) =2 resp{f) = true;
corTl(f) = is_correct{ger_e(f));
is_inforr{?) = is_infor(get, infor(f));
is_i(gel_f(f)) => is_reject(f) = (is_undef_ctl(ctri(f)) ) or (mot(is_correct(get_c(H));
not(is_ :(get_f(f))) => is_reject(f) = ((is_wndef_ctl(ctl(f))) or
: (noi(is_correci(get, (D))} ) or is_infor(get_infor(f));
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410
411
412
413
414
415
416
417
413
419
420
42]
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
41
442
443

445
446
447
448
449
450
451
452
453
454
455
456
457
- 458
459
460
461
482
463
464
465
466
467
468

is_valid(f) = not(((is_corrupt_sdr(adrs{f})) or(is_corrapt_fes(fess(f)))) or
(((not(is_flag(ges_flag1(get_KD)))) or (not(is_flag(ger flag2(get_f1))N) or (notlis_not_less(ger_IONN):
not_abort(f) = not(is_abort(get_a(f));
correci(f) = (is_valid(f) and (not(is_reject{f)))} and not_abori(f);
incorrect{f) = (not(is_valid(1))) or (is_rejecy(f) or (noy(not_sbori(f)));
feq 1 = higet_f(1) eq higer_£(f1));
notvalid_nrf(f,vsJuk) = not{({(n{f) ge lu) or (nr{f) le (vs mod k))) and ((vs mod k) It 1u)) or (((nr(f) ge Iu)
o (nr{f) le (vs mod k))) and {{vs mod k) ge lu)});
ofsort Nat
X=X =0
Succ(x)-y = Suce(x-y)
xmod 0 =X
xlty=>xmody=x;
xmod y =(x-y)mody;

endrype

type primitive is Packet, Boolean NaturalNumber
sorts primitive
opns
dl_est_req: -> primitive
dl_dis_req: -> primitive
dl_dis_cnf:  -> primitve
dl_est_ind:  -> primitive
dl_est_enf:  -> primitive
di_dis_ind: -> primitve
di_data_yeq : packet -> primitive
d!_data_ind : packet -> primitive
eval : primitive -> Nat
is_dl_est_req : primitive -> Bool
is_dl_dis_req : primitive -> Boal
is_dl_dis_cnf : primitive -> Bool
is_dl_est_ind : primitive - Bool
is_dI_est_cnf ; primitive -> Bool
is_dl_dis_ind : primitive -> Bool
is_dl_data_req : primitive -> Bool
is_dl_data_ind : primitive -> Bool
gei_pack  : primitive -> packet
eqns
forall p : primitive,pa : packet
ofsort packet
get_pack(dl_data_req{pa)) = pa;
ofsort Nat
eval{d]_est_req) =0;
evai(dl_dis_req) = Succ(0);
eval(di_dis_cnf) = Succ(Succ(0));
eval(d)_est_ind) = Succ(Succ{Succ(0)));
eval(dl_est_cnf) = Succ(Succ(Succ{Suce(0)))):
eval(dl_dis_ind) = Succ{Succ{Succ(Suce{Succ{0))));
eval(dl_data_req(pa)) = Succ(Suce(Succ(Succ(Succ{Succ(0))))));
eval(d]_data_ind(pa)) = Succ(Suce{Suce{Succ{Succ{Succ(Suce(0))))));
ofsont Bool
is_d}_est_req(p) = (eval(p) eq 0);
is_dl_dis_req(p) = (eval(p) eq Suce(0)); ,
is_dl_dis_cnf{p) = (eval(p) eq Succ(Succ(0)));
is_dl_est_ind(p) = (eval(p) eq Suce(Succ(Succ(0))));
is_d]_est_enf(p) = (eval(p) eq Succ(Succ(Suce{Succ{0))));
is_dl_dis_ind(p) = (eval(p) eq Succ(Succ(Succ{Succ(Succ(0))))):
is_di_data_req(p) = (eval(p) eq Suce{Succ(Suce(Suce{Succ(Succ(0))))));
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469
47
a7
472
473
474
475
476
477
418
479
430
48]
482
433
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

510
51
S12
513
514
515
516
51
518
519
520
521
S
523
524
525
526
527

is_d)_data_ind(p) = (eval(p) eq Succ{Suce(Succ(Suce(Suce(Succ{Succ(0))))));
endtype

type Queue is Boolean
formalsorts elt
sorts queue
opns
emply -> queue
—t-_ elqueue ->queue
~—t+_ queueelt ->queue

isempty : quene -> Bool
firstone : queue >el
removefirst: queue  -> queue

eqns

forall pq.pql.pq2: queue, f, £1, f2:elt

ofsort Bool

isempry(empty) =tu;
isempty(f +-- pq) = false;
isempty(pq -+ f) = false;

ofsort elt
firstone(pq -+ ) = f;

ofsort queue
f+-empty =empty-—+f;
£l +— (pq —+12) = (f1 4+~- pq) —+2;
removefirst(pg -~ ) = pg;

endtype

type Paqueue is
Queue actualizedby Packet using
sortnames packet for elt
endtype
type Pacqueue is Paquene renamedby
sorthames pacqueue for queue
endrype
type Fqueue is
Queue actualizedby Extframetype using
sortnames eframe for elt
endtype
type Framequeue is Fqueue renamedby
sortnames fqueue for queve
endtype
type Packe is Packet, NaturalNumber
sorts pac
opns
mp : packetl,Nat ->pac
. san:pac  ->Nat
packe:pac  ->packet
eqns
forall s : Nat,p : packet
ofsornt Nat
san(mp(p.s)) = s;
* ofsort packet
packe(mp(p.s)) = p;
endtype
type Pqis
Queue actualizedby Packe using .
_ sorthames pac for elt '
endrype
type Pqueue is Pq renamedby
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528 sormames pqueue for queue

529 endiype

530

531  behaviour

532 lapb{dLphi] (adr(dte).adr(dce)n2 .k .tmode.resolvecollis,senddmoption)

533 where
534
535 process timer[m)] : exit(Bool,Bool) =
536 tm ! stan
537 (i
538 st ! expired
539 iexit(any Bool,any Bool)
540 >
541 tm } reset
542 ;exit(any Bool,any Bool)
543 )
544 endproc (* timer *)
545
546 process limerl[um] : exiuBool,Bool.eframe) :=
547 tm ! start
548 (i
549 stm ! expired
550 iexit(any Bool.any Boolany eframe)
551 >
552 tm ! reset
553 ;exit(any Bool,any Bool,eny eframe)
554 }
555 endproc (* limerl *)
556
557 process lapb[dl,phl] (from : adress, to : adress, n2 : Nat, k : Nat, tmode : mmode,resolvecollis : Nat,
558 senddmoption : Bool) ; noexit :=
559
560 [k It k{tmode)] ->
561 ({ conmectionphase[dl,phl] {from,to.n2,k tmede resolvecollis,senddmoption)
562 >>
563 accept ok : Bool,donotwaitua : Bool in
564 ( [ok] -> ( hide pp in
565 ((dataphase[d!,phl.pp] (donotwaitua from.io,n2.k.tmode,empty of pqueve,empty of pqueue,
566 empty of pacqueue,resolvecollis)
567 [>
568 terminationphase(d],phl,pp] (from.to,n2,k.tmode, resolvecollis)
569 )
570 ' I[ppll
571 goterm[pp)
572 )}
573 0
574 [not(ok)] ->» exit
575 )
576 )
51 >> lapb(dl,phl] (from,to,n2 k tmode resolvecollis,senddmoption)
578 )
579 where
S80 process connectionphase[dl,phl] (from : adress,to ldress n2: Natk : Nat, tmode : mmode,resolvecollis : Nat,
581 senddmoption : Bool) : exu(Bool.Bool)
582 (disconnectedphase[phl] (from,ton2.k tmode)
583 >> commectionphase]dl,phl] (ﬁomto;ﬂ.k,unode.resolvecolhs.smddmopuon) )
584 ),
. 585 0]

586 calling[dI,phi] (fronumm.k.lmode.reso!vwolhs.smddmopuon)
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587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608

610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643

645

]
called[dLphl])(from.to,n2 k,1mode resolvecollis)
{1
(receiveincotrect[phl}
>> connectionphase{d],phl] (from,to,n2 k,tmede resolvecollis,senddmoption))

where
process called{d],phl]{from : adress,to : adress,n2 : NaLk : Nat,tmode : mmode, resolvecollis : Na1)
: exit{Bool, Bool) :=
(phl ? strame : eframef{{(is_sabm(get_f(sframe))) and {eq(tmode,basic))) or ((is_ sabme(get_f(sframe)))
and (eq(tmode,extended))) ) and (comrect(sframe))]
i((i;phl ! m(make_ua(flagging.from,ct]_uframe(pf{((sframe)))).fc, flagging).noinfor,comrectnotless,nosbort)
sexit(true, false)
)
Nl
i;phi | m(make_dm(flagging,from,ct] _uframe(pf(sframe)).fc.flagging).noinfor.correct notless noabort)
sexit{false false)
)
)
fl
phi ? sframe ; eframe [(correct(sframe)) and ((is_dm(get_f{sframe))) and (pl({(sframe))) eq 0)))
i{ (* request for link set up accepted *)
i;calloption(d),phl](m(make._sabm({flagging,to.ct]_vframe(1),fc,flagging).noinfor .correct,notless,noabort),
0 from,to,n2,k tmode,resolvecollis)

(* requeset for link set up refused *)
(i;phl! m(make_disc(flagging.to.cul_uframe(p{(sframe)).fc.flagging).noinfor,correct.notless,noabort)
iexit(false, false)
m
endproc (* called *)

i disconnectedphase[phl] (from : adress,to : adress , n2 : Natk : Nat,tmode : mmode) ; exit :=
( (phl 7 sframe : eframe [((comrect(sframe)} end ((pf{sframe) eq 1 of Bit) and (eq(adrs{sframe), -
{[ph)! or (is._disc(ger_{(sframe)))):exit(pf(sframe)))
P

(phl ? sframe : eframe [rot({(eq(tmode,basic)) and (is_sabm(get_f{sframe)))) or ((eq{tmode,extended))
and (is._sabme(get_{(sframe)))))];exit(pl{sframe)))
>> aceept b: Bitin
phl ! m(make_dm(flagging.from,ctl_uframe(b).fc,flagging)noinfor,correctnolless,noabort)
exit
)
0]
(((phl ? sframe : eframe [not(((comrect(sframe)) and ((pl(sframe) eq 1 of Bit) and (eq(adrs(sframe),from)))) or
" (is_disc(get_f(sframe)))) and not ((is_dm(get_f(sframe))) and (pf(sframe) ¢q 0 of Bit))]
wexi
(tphl]! ,
(phl ? sframe : eframe [not({(eq(tmode,basic)) and (is_sabm (get_f{sframe)))) or ({eq(tmode,extended))
)y and (is_sabme(get,_f(sframe)))))];exit)

endproc (* disconnectedphase *)
process calling[dL,phl] (from : adress, to : adress, n2 : Nat, k : Nat, tmode : mmode,resolvecollis ; Nat,
senddmoption : Bool) : exit{BoolBool) :=
d1?p: primitive [is_di_est_req(p)]

i(([eq(tmode,basic)] -> (calloption1[dl,phl) (m(m-ke..nbmmlssms.m.ul_ufmne(l).fc.ﬂ-gsms).mmfor
o wcomrectnotless noabort),from, 1o,02.k,tmode,resolvecollis))

[eq(unode.eanded)] - (callopuonl {dl,phl] (m{make_sabme(flagging,to.ct)_uframe(1).fc.flagging)
) Joinfor .ourrect.nouess.noabon),ﬁom.lo w2,k tmode,resolvecollis))
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646 0

647 (calloption2[d],phl] (from,la, n2,k.mode resolvecollis))

648 0

649 calloption3[dl,phl] (from,to,n2.k tmode resolvecollis,senddmaption)
650 )

651 endproc (* calling *)
652 process calloption2{d],phl] (from : adress,to ; adress,n2 : Nark : Nat,tmode : mmode, resolvecollis : Nat)

653 : exit{(Bool,Bool} :=
654 calloption1{dLphl] (m{make_disc(flagging,to,ct]_uframe(1),fc.flagging)noinfor,correct,
655 netless,noabort),from,to.n2 k tmode.sesolvecollis)
656 >> accepl ok : Bool,donotwait : Bool in
657 ([ok] >
658 ([eg(tmode, basic)] ->
659 (calloption[dLphl] (m(make_sabm(flagging,to.ctl_uframe(1)fc,flagging)noinfor,
660 comecinotless,noabort),from,to,n2 k. tmode,resolvecollis))
661 1]
662 [eq(tmode,extended)] ->
663 (calioption][dLphl] (m(make_sabme(flagging.to,ctl_uframe(1),fc.flagging)noinfor,
664 correct,notless,noabort), from, lon2,k, tmode resolvecollis)))
665 f)
666 [not{ok)] ->
667 (exit(false,false))
668 )
669 endproe (* calloption2 *)
670
671 process calloption3[dl,phi] (from : adress,to : adress ,;n2 : Natk : Nat,tmode : mmode, resalvecollis : N at,
672 o senddmoption : Bool) : exit{Bool,Bool) :=
673 [senddmoption) -»
674 (hide pp,p in
675 senddm[phl,pp,pl{from,to,0 of Nat,n2)
676 I[phl,pp.plt
677 waitrespdm([dLphl,pp,p](from,to,n2 X tmode resolvecollis) )
678 where
679 process senddm{phl.pp,p] (from,to : adress,init : Natn2 : Nat)  : exit(Bool,Bool) :=
680 ([init 1t n2] ->
681 (hide tin
682 (({((p ! Succ{0) of Nat
683 iPhl ! m(make_dm(flagging,to.cu_uframe(0),fc.flagging).noinfor «cotrectnotless,noabort)
684 it ! start ‘
685 isynchrespdm[phl.pp.t,p]
686 )
687 ) [> (1! expired;exit
688 >> senddm(phl,pp.p)(from, 1o, Suce(init),n2)
. 689 )
690 »
691 il
692 tmer(t]
693 »
694 0
695 [init eq n2] -> (p! O of Bit
696 sexit(false, false)
697 ) )
6598 where
699  process synchrespdm[phlLpp.t.p] : exit(BoolBool) :=
700 (pp!0of Nat ‘
701 it reset
702 ;exit(any Bool,any Bool)
703 }
704 ]
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705
706
707
708
709
710
1
712
713
714
715
716
mn?
718
719
720
721
722
723
724
725
726
721
728
729
730
73
732
733
734
735
736
737
738
739
740
741
42
743

745
746
747
748
749
750
151
752
753
754
755
756
157
758
759
760
761

762

763

(p ! Succ(0) of Nat
;(exit(any Bool,uny Bool)
0

wwaituadm(phl]

)
)
0
{phl ? fram : eframe
isynchrespdm[phl,pp,t.p]
)

endproc
e e adress.,n2 : Nark : Nat,tmode ode,resolvecollis : Nat)
i p](from : Jo: adressn2: : Nat, $ mmt ecollic :
process waitrespdm{dl,phl.pp,p](from : adress exi(Bool Boo]) o
(p ! Suce(0) of Nat
;P £ eframe
swaitingresponsedmidl,phlpp,p)(from,to,n2,k,tmode, resolvecollis)
Y[>p!0ofBit
iexit(any Bool,any Bool)
where
process waitingresponsedm([dl.phlpp,pl(from : adress o : adress.n? : Natk : Nat,imode : mmode,
resolvecollis : Nat)  : exit(Bool Bool) :=
(notsabmdiscdm[phl.pp,p]
Ifphl.pp.pll
isdm[dl,ph!.pp.p](ﬁnm.lo.lﬂ.k,unode.rsolvecollis)
{phl.pp.p]!
issabmofdm[dl,phl,pp,p] (from,to,n2k tmode)
I[phLpp.pl} _
isdiscol‘dm[dehl.pp.p](fmm,m.rﬂ.k,unodc)
)

endproc (* waitingresponsedm *)
endproc (* waitrespdm *)
endproc (* calloption3 *)

process notsabmdisedm[phl,pp.p) : exit(Bool,Bool) := L
(( phl 7 sframe : eframe [((correci(sframe) and (is_sabm(get_{(sframe))))) or (((is_disc{get_[(sframe))) or
is_dm(ger_{(sframe))))]
iPp7n:Na N
i(exi\(any Bool,any Bool)
0
wwaituadm([phi])

0 , .
(phi ? sframe : eframe {not(({comrect(sframe) and (is_sabm(get_{f(sframe))))) or (((is_disc(ger_f(sframe))) or
is_dm(ge!_f(sframe)))))]
snotsabmdisedm{phl,pp,p))
> (p ! Succ(0) of Nat
;phl 7 £ : eframe
motsabmdiscdm([phl,pp,p)
")
endproc (* notsabmdmfluaflidisc *)
process isdiscofdm{dl,phl,pp,p](from : adress,to : adress,;n2 : Natk : Nattmode : mmode) ; £xit(Bool,Bool) := _

((phl ? £ : eframe[not(correct(f) and is_disc{get_f{N))]
(isdiscofdm(dl,phLpp.p(from,to,n2.k tmode)
0l

PP 7n:Nat

J(exit(any Bool,zny Bool)
§]
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764
765
766
767
768
769
770
771
772

774
775
776
7
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799

801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822

wwaitusdm{ph])
»

a
(phl ? [ : eframe]cormrect{f) and is_disc(get_{(N)]
Pp 1 0of Nat
rexit(false, false))
> (p 1 Suce(0) of Nat
iphl 7 £: eframe
sisdiscofdm(dLphl,pp.p}(from.ton2 k. tmode)
)
endproc (* isdisc *)

process issabmoldm{d!,phl,pp.p](from : adress,to : adress,n2 : Natk : Nartmode : mmode) : exit(Bool,Bool) :=
{(phl ? f : eframe[not{correct{f) and (is_sabm(get_{(D)) or is_sabme{get_f{())))]
i(issabmofdm{dl,phl,pp,p](from,to n2 k tmode)
4]
pp?n:Nat
s(exit(any Bool,any Bool)
0
wwaituadm[phl])
)]
]
(ph! ? f : eframe[comrect(f) and (is_sabm(get_{(f)} or is_sabme{get_{{D)))]
ipp ! Dof Na1
sexit(true, false))
> (p ! Suce(D) of Nat
phi 7f: eframe
sissabmofdm(dl,phl,pp.pl{from,to.n2 X,1mode)
)
endproc (* issabm *)

process isdm[dl,phl,pp,pl(from : adress,to : adress,n2 : Natk ; Nat,tmode : mmoderesolvecollis : Nat)
: exit{Bool,Bool) :=
((phl ? { : eframe[not(correct(f) and (is_dm(get_{(D)))
;(isdm]dL,phl,pp.p](from,to.n2 k,tmode.resolvecollis)
)

PP 7n:Nat
iexit(any Bool,any Bool)
n))
(ph1 ? f : eframe[correcy(f) and (is_dm{get_{(f)) and (pf(f) eq 1 of Bi1)})
1pp ! Oof Nat
sexit(false,false)
)

]

(phl ? { : eframecorrect(f) and (is_dm(get_f(f)) and (p(f) eq 0 of Bit))]

;PP ! Succ({0) of Nat

i([eq{tmode,basic)] -> (calloption1[d],phl] (m{make_sabm(flagging ,to,ctl_uframe(1),fc,flagging).noinfor,
- correctnotless,noabort). from,to.n2 k.tmode resolvecollis))

[eq(tmode.extended)] -> (calloptionl [dl,phl] (m(make_sabme(flagging.to,cul_vframe(1),fc flagging)noinfor, .
correct,notless noabort),from,to, n2.k,tmode resolvecollis))

)]
> (p ! Succ(0) of Nat
iphi 7 £ ; eframe .
sisdm[dLphl,pp.pl(from,to,n2.k,tmode,resolvecollis)
)

endproc
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845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866

867

868
869
870
&N
872
873
874
875
876
877
878
879
880
881

process sacceptedsabm[med] : exit(eframe) =
(* accept frame either SABM,DISC,UA or DM #)
med ? sframe : eframe [(is_sabm(get_f{sframe))) or ((is_disc(get_f(sframe))) or ((is_ua(get_f(sframe))) or
(is_dm(get_f(sframe))}))]
iexit{(strame))
endproc (* saceeptedsabm *)

process receiveincomreci[phl] ; exit :=
phl ? f: eframe[not{correct{f))]
exit

endproc (* receiveincorrect *)

endproc (* connectionphase *)

process goterm[pp] : exit :=
(pp ! termine
iPp | causetermine
jexit

)
0
exit
endproc

process terminationphase[d],phl,pp](from : adress,to : adress, n2 : Natk : Nattmode : mmode, resolvecollis : Nar)
Trexiti=
(dl!dl_dis _req (* user entity iniates disconnection *) 1
icalloption] [d),phi] (m({make_disc{flagging.to,ctl_uframe(1),fc ,flagging)noinfor \comrectnotless nozbort),

from,to,n2.k,tmode,resolvecollis)
>> accept k : Bool.donotwait : Bool in
dl! dl_dis_enf
sexit
)
I

(phl ? sframe : eframe[(correct(sframe)) and (is_disc(get_f(sframe))))
il ! dl_dis_ind
;ph} ! m(mnke_ua(flagging.fmm.cll_uframe(pl'(sframe)).fc.ﬂagging).noinl'or.conecl.nolless.nonhon)
sexit
)
f]
pp ! causelermine
;dl ! di_dis_ind
exit
endproc  (* terminationphase *)
process wwaituadm|[phl] : exit(Bool,Bool) :=
phl ? fram : eframe
;(exit(any Bool,any Rool)
1]

wwaituadm({phl]
)

endproc

process wwaituafphl] ; exit(Bool,Bool,eframe) :=
phl ? fram : eframe
;(Exil{my Bool,any Bool,m(make_ua(flagging.a.cu_uframe(1),fc,flagging).noinfor,comrectnotlessnoabort))
. wwaitua[phl] | |
)
endproc ‘ .

process notsabmdiscuafldmf) [phl,pp.p) : exit(BoolBool,eframe) :=

124



882
883
884
885
886
887
888
889
850
851
892
893
894
895
896
897
8938
899
900
901
902
903

905
906
907
908
909
910
o1t
912
913
914
915
916
917
918
919
920
921
922

624
925
926
927
928
929
930
931
932
933
934
935
936
937

938

939
940

((( phl ? sframe : eframe [ ((correct(sframe) and (is_sabm(get_f(sframe))) or (((is_disc{get_f(sframe))) or
((is_va(get_{(sframe))) and (pf{sirame) eq 1 of Bit)))) or
({(is_dm(get_f(sframe))) and (pf(sframe) eq 1 of Bit)))))]
(Pl ? £ eframe
PP 7n:Nat
sexit{any Bool,any Bool,any eframe)
)
N
(pp ?7n: Na
iexit(any Bool,any Bool.any eframc)
)
0
(phl ? sframe : eframe [not{ ((correct(sframe) and (is_sabm(ge1_f(sframe)))) or {(is_disc(get_f(sframe))) or
({((((is_va(get_f(sframe))) and (pf(sframe) eq 1 of Bit)))) or (is_dm(get_f(sframe)) and
(pf(sframe) eq 1 of Bit))))))]
;notsabmdiscuafldmf] [phl,pp,p]
»
[> {p ! Succ{Succ(0)) of Nat
;P 7§ : eframe
s(exit(any Bool,any Bool.any eframe)

N> (p ! Suce{0) of Nat
;phl 2 £ ; eframe
motsabmdiscuafldmf1{phl.pp.p]
)
endproc (* notsabmdmfluafldisc *)

process isuall [phl,pp,pl : exit(Bool,Bool eframe) :=
((((ph) 7 £ : eframe{not(correcy(f) and (is_ua(get_f(f)) and (pf(N) eq 1 of Bi1)})]
:(i[s]um[PIﬂ-PP-PI

PP 7n:Nat
sexit{eny Bool,any Bool,any eframe)
)
J)
0
(phl ? { : eframe[correct(f) and (is_ua(get_f(f)) and (pf(f) eq 1 of Bit))]
;Pp 1 0 of Nat
sexit(true,false,f)
»
[ (p ! Succ{Succ(0)) of Nat
:phl 7 £ : eframe
:(exit(any Bool,any Bool,any eframe)

)] ‘
)= (p ! Succ(0) of Nat
phl ? £: efreme
: sisuafl [phl.pp.p)

endproc (* isuafl *)
process isdmfl [phl,pp.p](fr : eframe) ; exit(Bool.Bool,eframe) :=

((((phl ? £ : eframe[not{correct(f) and (is, dm(get_{(f)) and (pI(f) eq 1 of Bit)))]
u:(isdmfllplﬂ.pp-Pl(&)
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941 pp?n;:Nat

942 sexit(any Bool,any Bool,any eframe)

943 )]

944 ]

945 (phl ? £ : eframe[correct(f) and (is_dm(get_f(D) and

945 (pf(f) eq 1 of Bit)))

947 pp! Gof Nat

948 sexil(resp(fr), false,f)

949 »

950 (> (p ! Succ{Succ{0)) of Nat

951 +phl 7 f; eframe

952 i(exit(any Bool,any Bool,any eframe)

953 f]

954 wwaitua[phi]

955 »

956 )> (p ! Succ(0) of Nat

957 ;phl ? £: eframe

958 sisdmf1 [phl,pp.p)(f)

959 )

950 endproc (* isdmfl *)

961

962 process issabm{dl,phl,pp.pl(fr : eframe, from :adressto : adress,n2 : Natk : Nat,tmode : mmode resolvecollis : Nar)
963 : exit(Bool,Bool,eframe) :=
954 (((((ph1 ? £ : eframe[correct(f) and (is_sabm(ge:_K1)) or is_sabme(get_{(N))]

985 sexit(eollis(f,fr),f)

966 >> accept coll : Boolf : eframe in

967 [not(coll)] -

968 {pp ! Succ(0) of Nat

969 ip ! Suce(Succ(0)) of Nat

970 :phl! rn(make,,dm(ﬂagging.ﬁomcd_uframe(pl‘(l‘r)).fc.ﬂagging).nohfor.conect.noﬂ&ss.noabon)
971 sexit(true, false f)

972 )

973 0

974 [coll] -> (collision{dl,phl,pp.p)(fr.from,lon2 k,tmode sesolvecollis)

975 >> secept bl : Bool, b2 : Bool in

876 exit(b1,b2,f)

977 b))

978 §|

979 (Pi! 7 1 : eframe[not({correct(f) and (is_sabm(get_f{N)

980. or is_sabme(get_f(N))))

981 (issabm(dLphl.pp,p}(fr.from,to,n2,k,tmode,resolvecollis)

982 ]

983 PP 7n:Nat ‘

984 iexit(any Boo),eny Bool,any eframe)

985 )]

986 [> (p ! Succ(Succ(D)) of Nat

987 ;phl 21 ; eframe

988 i(exit(any Bool,any Bool,any eframe)

989 [

990 wwaitua[phl)

991 »

992 > (0! Suce(0) of Nat

993 iPhl ? £ : eframe

994 sissabm(dl.phl.pp.p](fr.from,to.n2.k tmode resolvecollis)

995 )

996 endproc (* issabm *)

997 ' : ' ‘
998 process isdisc[dl,phLpp.p](fr : eframe,from : adress ,to : adress,n2 : Natk : Nat,tmode : mmode,resolvacollis : Nay)
999 ' . : exit(Bool,Bool,eframe) =
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1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035

1036 -

1037
1038
1039

1040

1041
1042
1043
1044
1045
1046
1047

1049
1050

1051

. 1052
1053

1054

1055
' 1056
1057

1058 -

({{(pht 7 f : eframe[not{correct(f) end is_disc(get_f()))]
i(isdisc[dLphl,pp.p)(fr.from,to,n2 k tmode, resolvecollis)
0

rp?n:Nat
sexit(any Bool,any Bool,any eframe}

D)}

0
((phl ? f : eframe[correct{f} and is_disc(get_if))]
sexit(collis(f.fx),f)
>> accept coll : Bool,f: eframe in
{[not{coll)] ->
(pp ! Succ(0) of Nat
+p ! Suce(Succ(0)) of Nt
;Phl | m(make_dm(flagging,from,ctl uframe(pf{fr)}fe.flagging)moinfor,correctnotless,noabort)
sexit{false false f)
)
0
fcoll] -> (collision[dLphlLpp,p)(fr.from,to,n2 k tmode resolvecollis)
>> accept bl : Bool, b2 : Bool in
exit(l,b2,))
})))]
[> (p ! Succ{Succ(0)) of Nat
:phl ? £ : eframe
i(exit(any Bool,any Bool,any eframe)

)] .
)= (p ! Suce(0) of Nt
;phl 2 £ : eframe
sisdisc[dLphl,pp,pl(fr,from,to,n2.k, tmode,resolvecollis)
)

endproc {* isdisc *)

process collision[d],phl.pp.pl(f : eframe.from : adress ,lo : adress,n2 : Natk : Nat,tmode : mmode,resolvecollis : Nat)
s exit(Bool,Bool) :=
pp ! Suce(0) of Nat-
P 1 Suce(Succ(0)) of Nat
iphl ! m(make_ua(flagging,from,ctl_uframe(pf(f)).fc.flagging) ,noinfor,correct,notless,noabort)
i([resolvecollis eq 0 of Nat] ->
wairua{dl,phlpp,pl(f,from,to,n2 k,tmode resolvecollis)
N ‘

[resolvecollis eq Succ(0) of Nat] ->
waitusortimeout[dl,phl,pp.p]
0l

[resolvecollis eq Suce{Succ(D)) of Nat] >
donotwait
)

endproc (* collision *)

process waitua[dlphl,pp,p)([ : eframe,from : adress ,to : adress,;n2 : Natk : Nattmode : mmode resolvecollis : Nat)
. oo o : exii(BoolBool) :=
hide tin
((Ct!stant
) swaitual[dl,phl.pp.p.i]
[>{t!expired : -
icalloption] [dLphl(f.from.to,n2.k.tmode.resolvecollis)

) )
y .
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1059

1060

1051
1062
1063
1064
1065
1066
1067
1068
1069
1670
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1085
1087
1088
1089
1080
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110

umn

1112
1113
1114

1115

1116
1117

Q]
timer{t])

endproc (* waitua *)

process waitual [dl,phl.pp.p.1] : exit{BeolBool) :=
( (pl;l ? sframe : eframe [{(is_ua(get_f(sframe))) and (pl((sframe)) eq 1)) and correct(sframe)]
itlreset
sexit(true, falsz)
)
i
{* ignore received frame if not us with f=1 %)
(phl ? sframe : eframe [(incorrect(sframe)) or (((is_ua(ger_f(sframe))) and (pf{(sframe)) eq 0))
. or (not(is_ua(ge:_f{sframe))))))
iwaitual{dLphl,pp,pa]
N
endproc (* waitual *)

process waitusortimeout[dl,phl,pp.pl : exit(Bool,Bool) :=
hidetin
(((t!start
swaitual[di,phl,pp.p.t]
)
>
(1! expired (* retumns true if timeout occurs *)
sexit{true, false))
)
i)
timer{t])
endproc (* waituaortimeout *)

process donotwait : exit(Bool,Bool) :=
exit{true,false)
endproc (* donotwait *)

process sendcde[phl,pp,p] (f : eframe,init : Nat,n2 : Nat) : exi{Bool,Bool,eframe) :=
([init It n2] -> '
(hide Lin
((((p ! Succ(0) of Nat

PR
3t start
isynchresp{ph,pp,t.p]
Y[> (1! expired:exit
) > sendede([phl,pp,p](f,Suce(init)n2)

N
[81]]
timer1[1]
)}
0
[init eq n2) -> {p ! O of Bit

)
where
process synchresp{phl,pp,t.p] : exit{Bool,Bool,eframe) =
((pp!0ofNal
st 1rese: , o
iexit(any Bool,any Bool,any eframe)

o
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1118
1119
1120
1121
1122
123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
11535
1156
1157
1158
1159

1160

1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
nn
1172
B rx]
1174
1175
1176

(pp ! Succ(0) of Na:

o reset

! Suee{Succ(0)) of Nat

:phl ? fram : eframe

i(exi{any BooLany Bool.any eframe)

wwaitua[phl]

)
)
{1 (phi ? fram :; eframe
:;mhresp{pmmp.t.p]

endproc
endproc (* sendcde ®)

process calloption1[dl,phi] (fr : eframe.from ; adress ,to : adressn2 : Nat , k : Nat,tmode : mmode resolvecollis : Nat)
: exit(Bool Bool) :=
hide pp,p in
sendcde[phl,pp,p](fr,0 of Nat,n2)
I[phl.pp.p]!
waitrespfdl,phl,pp.p)({fr.from.to,n2 k,tmode resolvecollis)
>> accept bl : Bool, b2 : Boolf: eframe in
(lis_dm(get_f(f)) and is_sabm{get_f(fr))] ->
(i;calloplion1[dI,phi](fr.from,ton2 k,tmode,resolvecollis)
Q)
1exii(bl,b2))
(
[not(is_dm(get_f{f)) and is_sabm{get_f(fr)))] ->
exii(bl,b2))
where
process waitrespldl.phl.pp.p)(f : eframe.from : adress,to ; adress,n2 : Natk : Nat,tmode : mmode resolvecollis : Nat)
: exit{Bool,Bool,eframe) :=
(p ! Succ(0) of Nat
;P 21 eframe
iwaitingresponse{dl,phl,pp.p) (£, from,to,n2 k tmode,resolvecollis)
J[>p!0ofBit
rexit(any Bool.any Boolany eframe)
where
process waitingresponse[di,phl,pp.p)(f : eframe from : adress,to : adress,n2 : Natk : Nat,tmode : mmode,
resolvecollis : Nat) : exit{Bool,Bool.eframe) :=
(issabm[dl,phl.pp.p] (f.from,to,n2.k.tmode resolvecollis)
I[phl.pp.p]t
isdisc[dl,phl,pp,p)(f.from,to,n2.k tmode,resolvecollis)
liphLpp.pl!
notsabmdiscuafldmfl (phl,pp,p]
{{phl.pp.p]!
isuafl [phl,pp,p)
[{phl.pp.plt
) isdmf1 [phl,pp,pi(D}
endproc (* waitingresponse *)
endproc (* waitresp *)
endproc (* calloptionl *)

process dataphase[dl,phl,pp](notwait : Bool,from: adress,to ; adress,n2 : Natk : Nattmode : mmode,q : pqueue,
qdls ; pqueue,qdlr : pacqueue resolvecollis : Nat) :  noexit:=
hidepin .
( o
( _inforphase[dl.ml.p](nthait.fdsc.ﬂ of Nat,0 of Nat from,to,n2.k,tmode,0 of Nat,0 of Niat,0 of Nat,q,
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1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
11%0
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
123
1224
1225
1226
1227
1228
1229
. 1230
1231
1232
1233

1235

[

qdls,false, false, false false qdir,faise)
(> linkreset[dLphl,p,pp]{from.to,n2,k,tmode, resolvecollis)
)
I{p]l
causelinkreset[p)
)>> stop
where

process receiveinvalid][phi] : exit ;=
phl ? £; efreme[not(is_valid(f))]
exit

endproc (* receiveinvalid *)

process receiveinvalid[phi] {vs,vr,lu,vsp : NaLg.qdls : pqueue qdlr pacquene starttime, rbusy,Ibusy chimpt,
retrans,rejectnotwait : Boolinitk : Nat,to,from : adress,tmode : mmode)
: exit(NatNatNat Nat,pquene, paueve, pacquene, Bool,Bool Bool, Bool, Bool,Boal,Nat,
Bool Nat, frrreason, Nat Bit) :=
phi 7 £: eframe{not(is_valid(f)))
iexit(vs,vz.lu,vsp,q.qdls,qdlr.startime, sbusy, lbusy,chkpt.retrans reject,init otwait,0 of Nat nors,
0 of Nat,0 of Bit)

endproc (* receiveinvalid +)

process causelinkreset[p] : exit ;=
p ! lreset ? n : Nat ? reasonfrmr ; frmureason ? q : pquewe ? qdis : pquene ? qdir : pacqueue 75 : Bit
?vs:Nat?vr:Nai?lu:Nat ;p!causelreser i n Ireasonfrmriqlqdisiqdirib lvs tvr t1u
sexit
endproc

process linkseset[d,phLp,pp){from : adress, 1o : adress,n2 : Nat, k : Nat,tmode : mmode,resolvecollis : Nat)
: noexit :=
p ! causelreset 7 n : Nat ? reasonfrmyr : frmureason ? q : pqueue ? qdls : pquene ? qdlr : pacqueve
?b:Bit?vs:Nat?vr:Nat?lu: Nat
{({{neq 0 of Nat] ->
(calloption]1[d],phl] (m(make_sabm(flagging,to,cil_uframe(1),fc,Nagging)noinfor,
correctnotless,noabort),from,to,n2.k.tmode,resolvecollis)
>> accept ok : Bool,notwait ; Bool in
([ok] -> dataphase{d],phl,pp] (notwait,from, 10,02 k tmode,q.qdis,qdlr resolvecollis)
0
[not(ok)] >
pp ! termine
stop
)
)
1]
[(neq Succ(0)] -> (* frmrsent *) )
sendfrmrl [dl,phl,pp.p)(vs.vr.lu,0 of Natfrom,to.n2.k.tmode,reasonfrmr,q,qdls,qdlr, resolvecollis)

{((n eq Succ(Succ(0)) of Nat) or (n eq Succ(Succ(Suce(0))) of Nat))] ->
revirmroruaordm[d],phl,pp(from, to,n2.k,imode.q,qdls,qdlr,resolvecollis)

[n eq (Succ(Succ(0)) * Suce(Succ(0)) of Nat)] >
revsabm][dl,phlpp](from,to,n2 .k, tmode.q,qdls,qdlr, bresolvecollis)

where
process revirmroruaordm{dl,phl.pp](from : adress,to : adress;n2 : Nat % : Nat,tmode : mmode.q : pqueue,
" qdls : pqueue,qdir : pacqueue,resolvecollis : Nat) : noexit :=
(* ask peer entity to initiate link set up and enter disconnected phase *) :
(i;phl! m(mnkc_dm(ﬂagging.ﬁomml_uﬁ'ame(O).fc.ﬂngging).mirdor.con’ect.nolless.nolbon)
ipp ! termine :
istop ‘
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1236 )

1237 0

1238 (* initiate link reset procedure *)

1238 i; calloption] [dLphl)(m({make_sabm(flagging .to,ct]_uframe{1},fc,flagging).noinfor

1240 Jcorrectnotless,noabort), from,to,n2.k, tmode,resolvecollis)

1241 >> accept ok : Bool,notwait : Bool in

1242 ([ok] -> dataphase{d],phl,pp](nciwait,from,to.n2 k tmods,q,qdls,qdMr sesolvecollis)

1243 0

1244 [not(ck)] ->

1245 pp ! termine

1246 sstop

1247 )

1248 endproc (* revinmrorusordm *)

1249

1250 process revsabm[dl,phl.pp)(from : adress 1o : adress;n2 : Nat, k : Nattmode : mmode.q : pqueue,
1251 qdls ; pqueue,qdlr : pacqueue,b : Bitresolvecollis : Nat) : noexit :=
1252 (* remain in information trensfer phase *)

1253 {i;phl ! m(make_ua{flagging,from,ctl_uframe(d),fc,fagging).noinfor,comrectnotless noabort)
1254 idataphase[d],phl,pp){false,from,ton2 k,tmode,q,qdls,qdlr, resalvecollis)

1255 )

1256 1)

1257 (* enters disconnected *)

1258 i;phl ! m(make_dm(flagging,to,ct]_uframe{b).fc.flagging)noinfor,comrect notless,noabort)
1259 iPp ! termine

1260 ;stop

1261 endproc  (* revsabm *)

1262

1263 process sendfrmr1[dlphlpp,pl(vs : Nat.vr : NaLlo ; Nat ini: : Nat,from : adress,to : adress,

1264 n2 : Natk : Nat,tmede : mmode,reasonfrmr : frmrreason,q : pqueue,
1265 qdls : pquene,qdlr : pacquene resolvecollis : Nat) : noexit :=
1266 [init ltn2] ->

1267 (hide tin

1268 ((ph) ! m{make_frmr{flagging,to,ct!_uframe(1),reasonfrmr,fc,flagging)noinfor.carrect notless noabort)
1269 st ! stan

1270 swaitrespfrme]dl,phl,pp,tp)(vs,vr,lu,0 of Nat,from,lo,n2 k,tmode,reasonfrmr,q,qdls,qdlr.resolvecollis)
1271 )

272 [>1! expired

1273 ;sendfrmr1{d?,phl,pp.pl(vs.vr.lu,Succ(init),from,10,n2.k tmode reasonfrmr,q,qdls,qdir, resolvecollis)
1274 )

1275 1|l

1276 timerf1)

1277 )

1278 {]

1279 {initeqn2] ->  (*if frmr sent n2 times without response reset the link *)
1280 (calloptionl[dLphi](m(meke_sabm({flagging.io,ctl_uframe(1),fc,flagging),noinfor,

1281 correctnotless,noabort),from,to,n2 k.tmode,resolvecollis)

1282 >> accept ok : Bool,notwait : Bool in

1283 {[ok] -> dataphase[d),phl,pp]{notwait,from,t0,n2.k tmode,q.qdls,qdlr,resolvecollis)

1288 . ) :

1285 [not{ok)] -> (* enter disconnected phase %)

1286 pp ! termine

1287 istop

1288 )

1289 )

1250  endproc (* sendfrmrl %)

129 . '

1292 process waittespfrmr{dl,phl.pp.tp] (vs : Natvr: Natlu : Natcsll : Nat,from : adress,to : adress,

1293 n2 : Nark : Nattmode : mmode.reasonfrmr ; frmrreason,q : pqueue,
1254 - - qdls : pqueve,gdlr : pacquene,resolvecollis : Nat) : noexit :=
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1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340

1341

1342
1343

1345
1346
1347
1348
1349
1350
1351
1352
1353

(receiveinvalid1 [phi]
, >> waitrcspfrmr[dl.plﬂ.pp.t.p](vs.vr.lmcall.ﬁom.m.nz.k,trnode.reasonﬁ-nn-.q.qdls.qdlr.resolveeollis)
]
{send fma{phl] (vs,vr,lu k. from,to.n2,q,qdls,qdlr)
>> accept ind : Natts ; frmureason.q : pqueue,qdis : pqueve,qdlr ; pacquene b : Bit in
phl ! m(make_frmr(flagging,to,ctl_uframe(1),reasonfrmr, fc.flagging).noinfor,correctnotless,noabort)
) swaitrespfrmr{dLphl.pp,t.p)(vs.vr.u,call from, 10,02,k tmodc.reasonfrmr,q,qdls,qdlr resolvecollis)
]
(]([pi}\lllﬁ f: eframe[(correcy(f) and (eq(adrs{f).from))) mnd (pf(f) g 1 of Bit)];exit
P
notfrmrsabmdmdise[phi}
o>
phl. ! m(make_frmr{flagging.from,ctl_uframe(l )reasonfrmy, fe flagging)noinfor,comrectnotless,noabort)
) swaitrespfrmr{dl,phl,pp,t.p](vs,vrJu,call from, to;2.k tmode reasonfirmr,q,qdls,qdlr,resolvecollis)
]
((iI[:h}lﬂ';lf + eframe[correcy(f) and ((eq(adrs(ffrom)) or ((eq(adrs(f).10)) and (pf(f) eq O of Bit)))]:exit
P
notfrmrsabmdmdisc[phil)
)) >> wa.itrcspl'mu[dl.phl.pp.t.p](vs.vr.'lu.call.ﬁom.lo.nz.k.tmode.reason&nu.q.qdls.qdlr.resolvwollis)
)
((phl ?  ; eframefcorect{];exitf)
I[pht)i
frmrsabmdmdisc[phi}
)55 accept f: eframe in
(([call eq 0 of Nai] ->{ t ! reset
exit

)
1]
[call eq Succ(D) of Nat] - exit
)

>> ([(is_sabm(get_{(1)) or is_sabme(ger_f(1)))] >
((Gph! m(mnkc_ua(ﬂagging.ln.ctl_uftame(pl’(t)).fc.ﬂagging).noinfor.oomct.noﬂess.noabon)
idataphase[d!,phl,pp){false,from,to,n2.k tmode,q,qdls,qdlr,resolvecollis)
)

0

(i;pht m(mnke_dm(flagging.to.ctl_ufra.mc(pl'(t)).fc.ﬂagging)moinfor.oorrect.noﬂcss.noabon)
Pp ! termine

istop

)

)
1]
([is_dm(get_{()) and (pf(f) eq 1 of Bit}] ->
) (waitrespﬁmr[dl.phl.pp.l.p](vs.vr.lu.calLfmm.lo.xﬁ.k,unode.reasonfnnr.q.qdls.qdlr.resolvwollis))
u .
{lis_dm(ges_f(f)) and (pf(f) eq 0 of Bit)] -> (* remole entitty asks local entity 1o initiate lin set up *)
((i;phit m(make_disc(flagging,to,ctl_uframe(1),fc,fMlagging).noinfor,correct,notless,noabart)

1pp ! termine

islop

)

0 . o
- (iicalloption] [dl,phl}(m(make_sabm(flagging J0,c0_uframe(1),fe.fagging)noinfor,

comectnotless neabort), from,ton2 k.tmode,resolvecollis)

>> accept ok : BooLnotwait : Bool in
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1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1368
1370
1371
1372
1373
1374
1375
1376
137
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1350
1391
1392
1393
1394
1395
1396
1397
1398

1399,

1400
1401

© 1402

1403
1404

1405 -

1406

1407

1408
1409
1410
1411
1412

([not{ok)] ->
(pp ! termine
istop

)
(]
[ok] =
((hide pp in
(datnpha.sc[dl.phl.pp](nolwnit,ﬁ'om.to.xﬂ.k,nnodc.q.qd]s.qdlr.resolvecollis)
)[:» terminationphase{dlphl, pp](from.to,n2 k,tmode resolvecollis)
(ppl
goterm([pp]
) >> stap
)
)
)
»
i
((is_frmr(get_f(£)] -» (* collision *)
(* send DM 10 ask remote entitty link set up and enter disconnected phase *)
((3:phl I m(make_dm(flaggingfrom,cu_uframe(0), fc,fagging).noinfor,correct,notless,noabort)
wop ! termine
istop
)
a
(* or cause link reset *)
i;calloption]|dl,phl] (m(make_sabm(flagging,to,ctl_uframe(1),fc,Alagging).noinfor,
correctnotless,noabort), from,to,n2 k. tmode resolvecallis)
> accept ok : Bool,notwait : Bool in
({ok] ->
0 dataphasc[dl,phl,pp)(notwait,from,to,n2 .k tmode,q,qdls,qdlr resolvecollis)
[rot{ok)] -> (* enter disconnect state *)
Pp | termine
istop
)
m
where
process frmrsabmdmdisc[phl] : exit(eframe) :=
ph! : ';' : eframe[((is_sabm(get_f(f) or is_sabme{get_f{f))) or (is_frmr(ge1_f(f)) or is_dm(get_f(D))))]
jexit
endproc (* frmrsabmdm *)

process notfrmrsabmdmdisc{phl] : exit :=
Phl ? {: eframe[not(((is_sabm(get_{(f)) ar is_sabme(ger_f(f))) or (is_frmr(get_KO) or
) is_dm(get_f(f)))) or is_disc(get_f(H))))
iexit

endproc (* nofrmrsabmdm *)
endproc (* waitrespfrmr *)

endproc (* linkreses *)

process sendfrmr{phl)(vs : Nat,vr : Natlu : Navk : Nat,from : adressto: adress,n2 : Nat,q : pqueve, |
qdls: Pqueue, qdir : pacqueue) : exit(Nat frmureason, pqueue,pquene, pacqueve, Bit) =
- {((phl 21; eframe[(is_valid(f) and not_abori(f)) and (((nol(is_i(get_KN))) and (is_inforr(F))) or
w0 (not(corrl())] '
exi ‘ )

) :
4] o :
{phl 7 £ : eframe](is_valid(f) and not_aboni(f)) and is_undef_ctl(get_ctl(ger_f(H))]
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1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1455
1460
1461
1462
1463
1464
1465
1466
1467
- 1468
1468
1470

4an:

exar(h)
0
(phl ? £: eframef(is_valid(f) and not_abori(f)) and notvalid_nrf(f,v.lu.k)]

rexi(h) (* or of frame not valid *)

)

0

(phl ? £ : eframe](is_valid(f) and not_sbon(f)) and (is_i(get_f()) and (not(cors)()))))
sexit(h)

N

>> accept : eframe in
( (({is_valid({) and not_abort{f)) and {((not(is_i(ges_{([)))) and (is_inforr(f))) or (not(cord(D))))] ->
{exit(1,mmy Bit,any Bit,1,any Bit)) (* returns x=1,w=1 *)
0
[not((is_valid(f) and not_abert(f)) and (((nol(is_i(ges_{(1)))) and (is_inforr(f))) or (not(cortl(f)))))] ->
([(is_valid(f) and not_abori(f)) and is_undef_ctl{get_ctl(ge: (D)) ->
. (exit(0 of Bit,any Bit,any Bit,1,any Bit)) (* returns x=0 %)

[(is_valid(l) and not_abort(f)) and is_undel_cti{(get_ctl(ger_f(fN)] ->
(exit(0 of Bitany Bit,any Bit,0 of Bit,any Bit)) (* returns x=0 w=0*)
)

)
It

([(is_valid(f) and not_abor(f)) and notvalid_nrf(f,vs,luk)] ->
(exit(any Bit,any Bit,1,any Bit.any Bit)) (* retumns z=1 %)
]

[not({is_valid(f} and not_abort(f)) and notvalid_nri(f,vs,luk))] ->
(exit(any Bivany BiL,0 of BiL,any Bit.any Bit)) (* retumns z=0 %)

)
|
([(is_valid(f) and not_abor(f)) and {is_i(ge1_{(f)) and (not(corr (M) >
(exit{any Bit.1.any Bit,any Bit,any Bit)) (* returns y=1 *)
0

[now((is_valid(f) and not_abort(f)) and (is_i(get_{(f) and (not(coml(N)))] ->
(exiyany Bir,0 of Bit,any Bit,any Bitany Bil)) (* reums y =0 *)
)

]
([{(pf(f) eq 1) and (eq(adrs(f).from))] -> (* commande frame so ¢/r=0*)
{exit(any Bit,any Bit,any Bit,any Bit,0 of Bit))
1]

[not{(pI(f) eq 1) and (eq(adrs(f).from)))] -> (* response frame so ci=1*)
(exit(any Bit,any Bitany Bit,any Bit,1))
)

}>> acceptx, ¥, 2, W, er :Bitin
exit(Suec(0) of Naymake_reason(ctrl(f).0 of Bit,vs,cr,vrix,y,z,w,0 of Bit),q,qdls,qdlr,1 of Bit)
)

)
endproc (* sendfrmr *)

proc.:r.ss inforphase[dl,phl,p] (notwait : Bool,reject : Bool,vsp : Nat.init : Nat,from : adress,to : adress, n2 : Nat,
k : Nat,tmode : mmode,vs : Nat, vr ; Nat, u : NaL.q : pqueue,qdls : pqueue,stantiime :
Bool, rbusy : Bool,lbusy : Bool,chkpt : Bool,qdlr: pacqueue,retrans : Bool) : noexit :=

hidetin .
(infphase[dL,phl,p.](notwait.false,0 of Nat,0 of Nat from,to,n2 k.tmode,0 of Nar,0 of Nar.0 of Natq,
qdls, false, false false false qdir,false) '
If)
timer[t]
H

where
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1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
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1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527

1528

1529
1530

process infphase{d],phl,p,] (notwait ;: BooLreject : Bool,vsp : Natinit : Nat,froin : adress,to : adress, n2 : Nat,

k : Nat,tmode : mmode,vs : Nat, vr : Nat, lu : Natq : pqueue,qdls : pquene starttime :
Bool,tbusy : Bool.lbusy : Bool,chkpt : Bool,qdlr: pacqueue retrans : Bool) ¢ noexit :=

{comX.25[d!] (vs,vr,u,vsp,q.qdls,qdlr startiime rbusy,lbusy,chkpLrerans reject,notwait, init,k,to, from, tmode)

0
sendframe[phl,t](vs,vr.lu,vsp.q.qdls,qdlr,starttime, rbusy, 1 busy,chkpt,reirans seject,notwait, init X, to, from,tmode)

0

receiveframe]phl){vs,vr.]u,vsp,q.qdis,qdir starttime, rbusy Jbusy,chkpt retrans, reject, notwait, init.k,to, from,tmode)
]
timeout[phlt] (n2,vs.vr,lu.vsp,q.qdls,qdlr starttime, rbusy, Ibusy,chicpt,retrans, reject notwait, initk to,from,tmode)
)[> revioreset[phl,p](notwait,chkpt,from,to.n2 k. tmode,vs,vr,lu.q.qdls qdirsbusy)

>> accept

vs : Nat,vr: Nat,lu : Natvsp : Nat,q : pqueue,qdls ; pqueue,qdlr : pacquene starttime : Bool, rbusy : Bool,
Ibusy : Boal.chkpt : BooLretransBool.reject : Boolinit ; Nat,notwait : Booltyp : Nat,
rs : frmrreeson,ind : Nat,b : Bit

in
([ryp eq 0 of Nat] ->
(infphase[dl,phl,p] (notwait.reject,vsp,init,from,lon2 .k tmode,vs,vr,Ju,q,qdls starttime,

)

0
[typ eq Suce(0) of Nat] ->

)

(hidetin
1! start

rbusy,Ibusy,chkpt,qdirretrans)

;infphase[d],phl,p.t] (notwait,reject,vsp,init,from,1o.n2 k. tmode,vs,vr,lu.q.qdls, starttime,

)
0

thusy,lbusy,chkpt.qdlr.retrans)

[typ eq Suce(Succ(0)) of Nat] ->

(hide tin
t!stant

sinfphase[dl,phl,p.t} (notwaitreject,vsp,init, from,to,n2 k tmode,vs,vr,Iu,q,qdls starttime,

I
timer[t]
)

]

rbusy,lbusy,chkprLqdlr,rcwsis)

[typ eq Succ(Suec{Succ(0))) of Nat] ->

(hidetin

infphase[dl.phlp,t] (notwaitreject,vsp,init,from to,n2 k tmode,vs,vr,lu,q,qdls,starttime,

I
timer[1]
)

1]

rbusy,lbusy,chkpt,qdlr,retrans)

[typ &q Suce{Succ{Succ(Succ(0)))) of Nat] >
(p!lresetlind ! rs | empry of pqueve 1 qdls ! qdir I b vs!vrlln

istop
)

-

where

. process comX.25[d] (vs,vr,Ju,vsp : Nat,q,qdls : pquene,qdir : pecqueue,starttime,rbusy, Ibusy,chkpt retrans,

Tejectnotwait : Bool,initk : Nattofrom : adress,tmode : mmode)
: exit(Nat, Nat Naz Nat,pqueue, pqueue,pacqueue,Bool Bool, Bool BoolBool Bool, Nat,
Bool Nat frmmreason Nat Bit) :=

mdpnck[dl] {vs,vr.Ju,vsp,q,qdis,qdlr.starttime,thusy,Jbusy,chkpt.retrans seject.notwait,initk,to, from,tmode)
[] . .

deliver[d]]

endproc

(vs.vr.lu.vsp.q.qdls.q&smmm.mﬁy.ﬁhtmmnjwmmﬁgﬁmmMmo&)
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1531
1532 process sendframe[phl,t] (vs,vr,lu,vsp : NaLg,qdls ; pqueue,qdlr: pacquene, starttime, rbusy,Ibusy,chkpt, retrans,

1533 rejectnotwait : Sooliinitk : Natt,from ; adress,tmode : mmode)

1534 exit(Nat N n!.Nur..Nlequwc,pqueue,pacqueuc.Bool.Bool.Bool.Bool.BooI.BooI,Nn!,Bool.

1535 Nat frmrreason NatBit) :=

1536 sendi[phl1] (vs.vr,lu.vsp.q.qd]s.qd}r.smuimnrbusy.lbusy.chkpt.rcn'ms.rejecumwlit.itﬁl,k.lo.ﬁ'omunodc)
1537 n

1538 sendrr{phl] (vs.vr.l&pr-qquls,qdkmimcabusbiusy.chkar:u'm:cjacumwnit.hﬁLk.m.&mn.hnode)
1539 0

1540 sendrmr[phl] (vs.\'r.lu.vsp.q.qdls.qﬂr.ﬂnnhnubtubiusy.dxkpummjethwﬁLi:ﬁkhb.ﬁomﬂnodc)
1541 endproc

1542

1543 process receiveframe[phL tJ(vs,vr,lu,vsp : Natg,qdls : pqueve qdir ipacquene,surrttime tbusy, Ibusy, chk st retrans,
1544 rejectnotwail : Bool,initk : Nat,to,from ; adress.tmode : mmode)

1545 : exit(Nat Nat Nat Nat,pquese, pqueue, pacqueue,Bool, Bool, Bool, Bool,BooLBool,
1546 Nat,Bool Nat frmrreason,Nat,Bit) :=

1547 receiveinvalid[phi] (vs.vrlu,vsp.q,qdlsqdir, starttime rbusy Jbusy,chkpt.retrans reject,

1548 notwail,initk,to, from,trmode)

1549 0

1550 receivevalidi[phl ) (vs.vr.luvsp,q,qdls.qdlr,startime,rbusy, Ibusy, chipt.retrans, reject,

1551 notwait initk,1o,from,tmode)

1552 0

1553 reviandbusy[phl,i] (vsyvrwvsp,g,qdls,qdir,starttime, rhusy,lbusy,chkptretrans,reject,

1554 notwait,initk,to,from,tmode)

1555 1

1556 receivernr{phi,t} (vs\vrlu,vsp,q.qdls.qdlr starttime,rbusy, Ibusy,chkptretrans, reject,

1557 nomwait,initk,to,from,tmode)

1558 f]

1559 receiverr{phl,i] (vs,vr.lu,vsp.q,qdls,qdlr,startiime, rbusy,Ibusychkpt retrans,reject,

1560 notwait,initk,to,from, tmode)

1561 ]

1562 receiverej[phl] (vs.vr.lu,vsp.q.qdls.qdlr.sumime.rbusy.lbusy.chkpt.rems.reject.

1563 notwait,init,k,to,from,tmode)

1564 0

1565 sendrej[phl] (vs.vr.lu.vsp.q.qdls.qdlr.sumime.rmsy.lbusy.chkpt.remns.rejcct.

1566 notwait,init,k,to,from,tmode)

1567 endproc

1568 .

1569 process revtoreset[phl,p] (notwait : Bool,chkpt : Bool, from : adress,to : adress,;n2 : Nat % : Nat,tmode :mmode,
1570 vs : Natvr : Natlu : Nat,q : pqueveqdis : pqueue,qdlr : pacqueue,rbusy : Bool): noexit
157 (receiveunsolicit/phl](notwait.chkpt,to,q,qdls,qdlr)

1572 0

1573 receivesabm{phl] {q.qdls,qdlr)

1574 0

1575 receiveuaordm(phl] (q,qdls,qdlr)

1576 1]

1577 - sendfrms{ph])(vs,vr.luk,from,to.12,q,qdls,qdlr)

1578 ]

1579 receivefrmr{phl](from,10,n2.k,tmode,vs,vr,1u,g,qdls,qdlr,rhusy)

1580 }>> accept ind ; Nat,rs : frmrreason,q : pqueue,qdls : pqueue,qdlr : pacqueue,b ; Bit in

1581 (p!lreset ind ! rs ! empry of pqueuve I qdls 1 qdlr I blvs vl Ju

1582 stop ‘

1583 )

1584  where

1585 . process receiveunsolicit{phl) (notwnit:Bool.chkpt:Bool.m:ldrss.q:pquem.qdls:pqueue.qdlr:pwquwe)

1586 ‘ : exit(Nat frmureason, pqueue, pquene, pacquene, Bit) 1=
1587 [no1(chkpt) and not(notwait)] -» . .
1588 (phl ? £: eframe](((correci(f) and (not(is_sabm(ges_f(N)))) and (not(is_sabme(get_ff)))) and

1589 (not(is_disc(get_f(N)))) and ((eg(adrs(f).t0)) and (pKF) eq 1 of Bit)))
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sexit{{Suce{Suce(Succ(0))) of Nat),make_reason(ctr)(),0 of Bit,0 of Nat,
0 of Bit,0 of Nat,0 of Bit.0 of Bit, 0 of Bit,0 of Bit,0 of Bir).q,qdls,qdlr,1 of Bit)
)
endproc (* receiveunsolicit *)
process receivesabm[phl}(q : pqueue,qdls : pqueve,qdlr ; pacqueuc) :
exit(Nat frmrreason,pqueue, pqueue, pacqueue,Bit) :=
phl ? f: eframe[correct(f) and (is_sabm(get_f(D)) or is_sabme(get_{(D)]
iexit((Suec(Succ(0)) * Suce(Succ(0)) of Nat),make_reason(cal(f),0 of Bit,0 of Nat,
0 of Bit,0 of Nat,0 of Bit,0 of Bit, 0 of Bit,0 of Bit,0 of Bit),q.qdls,qdlr,pf())
endproc (* receivesabm *)

process recciveuaordm(phl) (q : pqueue,qdls : pqueve,qdlr : pacqueuc) :
exiyNatfrmrreason,pquene, pqueue, pacqueue, Bit) :=
phl ? f : eframefcomrect(f) and (is_ua(get_f(f)) or is_dm(get_f(H)]
sexit({Suce(Succ(Succ(0))) of Nat),make_reason(ctrl(f).0 of Bit,0 of Nat,
0 of Bit,0 of Nat,0 of Bit,0 of Bit, 0 of Bit,0 of BiL,0 of Bit),q,qdls,qdlr,1 of Bit)
endproc (* receiveusordm *)

process receivefrmr{phl)(from : adress,to ; adress,n2 : Nat k : Nat,tmode : mmode,
vs : Natvr: Natlu : Natq : pqueve,qdls : pqueue,qdlr : pacqueue,tbusy : Bool) :
exi(Nat,frmrreason,pqueve,pqueue, pacquene, Bit) :=
phl ? £: eframe{comrect(f) and is_frmr{gat_f(N)]
sexit((Succ{Succ(0)) of Nat).make_reason(ctrl(f),0 of Bit,0 of Nat,
0 of Bir,0 of Nav,0 of Bit,0 of Bit, 0 of Bit.0 of Bit,0 of Bit).q.qdls,qdlr,1 of Bit)
endproc (* receivefrmr *)
endproc (* revioreset *)

process deliver{dl] (vs,vr.lu,vsp : Nat.q,qdls : pqueue,qdlr : pacqueue,starttime,rbusy,lbusy,chkpt,retrans,
reject.notwait : Bool,initk : Natto,from ; adress,tmode : mmode) :
exit(Nat,NatNat,Nat, pqueue, pqueus, pacquene,Bool, Bool,Bool Bool, Bool Bool Nat,
BoolNat,frmreason,Nat Bit) :=
[not(isempry(qdlr))] ->
(d1! dl_data_ind(firstone{qdlr))
:exit(vs,vr.lu..vsp.q.qdls.runoveﬁ:st(qdlr).slnmimc.rbusy.]busy.chkpueum.reject.inil,
notwait,0 of Nat,nors,0 of Nav,0 of Bit)
)
endproc
pracess retransmission[phl] (vs,vr.lu,vsp : Nat,q,intq,qdls : pqueue,qdir : pacqueue sarttime,rbusy,lbusy,chkpt,
retrans,reject.notwait : Bool,initk : Nat,to.from : adress,tmode : mmode) :
exit(NaL.Nat,Nat Nat,pqueve, pqueue,pacqueue,Bool, Bool, Bool Bool Bool, Bool, Nat,
' Bool Nat, frmrreason,NatBit) :=
[rot(rbusy)] -> '
( (Inot(isempty(intq))] ->
(phl ! m{make_iframe(flagging,to.ctl_iframe(vs,0,(vr mod k)).packe(firstone(intq)),fe.flagging),
infor,correct,notless,nosbort)
sreransmission]phl] ((vs + Succ(0) of Nat),vr,lu,vsp.qremovefirsi(inig),qdis,qdir,starttime,
tbusy,lbusy,chkpLretrans, reject.notwait, init X to, from,tmode)
)
1]
(isempry(inig)] -> ‘ ‘
(exit(vs,vr,Ju,vsp,q,qdls,qdlr,true rbusy, Ibusy,chkpt.retrans,reject,init, notwait,Suce{0) of Nat,
nors,0 of Nat,0 of Bit))
[> (receiverej[phl] (vs.vr.lu.vsp.q.qdls.qdlr,sterttime sbusy,Ibusy,chkpt.retrans reject,notwait,init k.to,from, tmode)
>> .
accept vs : Natvr : Natlu : Natvsp : Nat,q : pqueue,qdls : pqueue,qdlr ; pacqueus,starttime : Bool, -
rbusy : Bool,Ibusy : Bool,chkpt : Bool,retrans : Boolseject : Bool,init : Natnotwait : Bool,typ : Nat,
rs : frmrreason,ind : Natb : Bitin _
(phl ! m(make_iframe{flagging,to.ctl_iframe{snn(firstone{intq}),0,(vr mod k)),packe(firstone{intq)),
' fc.ﬂlgghg).hror.comu.noﬂc_ss.abon) :
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1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1102
1703
1704
1705
1706

1707

sreransmission[phl} (vs,vr,lu,vsp,q,q,qdls,qdlr,starttime.sbusy, Ibusy,chkpt retrans,reject notwait,
mitk,to,from,tmode) '
)

b))
]
{rbusy] ->
(exit(vs.vr.lu,vsp.q,qdls.qdlr, rue,rhusy, Ibusy, chkpt retrans. reject.init,notwait, Suce(0) of Nat,
nors,0 of Nat,0 of Bit))
endproc

process recvpack(di] (vs,vr.Juvsp : Natg.qdls : pqueue,qdir : pacquene starttime rbusy, Ibusy, chkpt,
retrans,reject.notwait : BooLinitk : Nat,to, from : adrass tmode mmode) :
exit(NaLNat,Nat,Nat pqueue, pqueue, pacquene, Bool,Bool Bool,Bool, BoolBool,Nat Bool,
Nat frmrreason Nat Bit) =
{((Suce(vsp) mod k) ne )] ->
(d1? p : primitive [is_dl_data_req(p)]
i{[rbusy and not(starttime)] ->
(exit(vs,vr.lu,((vsp + Succ(0) mod k) ).q.((mp(get_pack(p).vsp)) +~- qdls) of pqueue,qd,
0 true,thusy,lbusy,chkpt,retrans,reject,init. notwait,(Suce(0) of Nat),nors,0 of Nat,0 of Bi)

[not(rbusy) or starttime] ->
(exil(vs.vr.lt..l.((vsp + Suec(0) mod k) )uq.{(mp(get_pack(p),vsp)) +— qd!s) of pqueue,qdir,
) starttime,rbusy,lbusy,chkpt.retrans.seject.init notwait,0 of Natnors,0 of Nat,0 of Bit))

endproc

process sendi{phl,t] (vs,vr,lu,vsp : Narqqdls : pquene,qdlr: pacqueus, startiime,rhusy, Ibusy,chkptretrans,
reject,notwait : Bool,init.k : Nat,lo,from : adress,tmode : mmode)
: exit(Nat,NatNat,Nat,pqueue, pqueue, pacqueue,Bool Bool BooLBool, Bool Bool Nat Bool,
Nat,frmureason Nat Bit) 1=
(¢ Cippha m(make_iframe(flagging,to,ctl_iframe(vs,0,(vr mod k)).packe(firstone(qdls)),fc,flagging),
noinfor,correct,notless,noabort) [rot(isempry(qdls)) and not(rbusy))
iexi{snn(firstone(qdis)))
>> acceptsn ; Natin
{[not(startime)] ->
(!} start
sexit{{(vs + Suce(0) of Nat) mod k)wvr.luvsp,(firstone(qdls) 4+ q).removelirst(qdls)
) of pqueue,qdlr, true,rbusy,lbusy.chkpt.retrans,reject, init.notwait,0 of Natnors,0 of Nat,0 of Bit)

1l
[starttime] ->
exit(((vs + Succ(0) of Nat) mod k),vr,lu,vsp,(firstone(qdis) +-- q)removefirsiqdis)
) of pqueue,qdir,true rbusy,lbusy.chkpt,retrans reject,mit,notwait,0 of Nat nors,0 of Nat,0 of Bit)
)
)
fl
{ }
(i;phl ! m(make_iframe(flagging,to,ctl_iframe(vs,1,(vt mod k)).packe(firstone(qdls)).fc,flagging),
infor,comect,notless.noabort) [not(isempty(qdls)) and not{rbusy)] :

iexit(stm(firstone(qd!s)))
>> accept sn : Nat in
([not(starttime)] -» - .
(¢! start
sexit(((vs + Succ(0) of Nat) mod K).vr.lu,vsp,(firsione{qdls) +-- q),removefirsi(qdls) of pqueue,
: ) qdir,rue,tbusy,Ibusy,chicpt.retrans reject, initnotwait,0 of Natnors,0 of Nat,0 of Bit) |

0
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1708
1709
1710
171
1712
1713
1714
1715
1716
117
1718
1719
1720
1721
172
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762

“ .+ 1763

1764
1765
1766

[siarttime] -»
exit{((vs + Succ(0) of Na1) mod k),v1,lu,vsp,(firstone{qdls) +— q),removefirst(qdls) of Peueus,
) qdlr.true rbusy,lbusy,chkpr.retrans,reject,initnotwait,0 of Natnors,0 of Nat,0 of Bit)
)
»
[> (receiverejfphl] (vs,vr.luvsp.q.qdls,qdlrstarnime, thusy,Ibusy,chkpt.retrans reject,notwait, init,
k.,to.from,tmode)
>> accept
vs : Natvr ¢ Natlu : Natvsp : Natg : pqueue,qdls : pquene,qdlr : pacqueue, starttime : Boolrbusy : Bool,
Ibusy : Bool,chkpt : Boolretrans : Bool,reject : Bool,init : Natnotwait : Booltyp : Nat.xs : frmrreason,
ind : Natb : Bit in
(ph! ! m{make_iframe(flagging, to.ctl_iframe(vs,1.(vr mod k))packeifirsione{qdls)).fe.Mlagging),
infor,correct,notless,abort)
sretransmission[phl]{vs,vr,lu,vsp.q.q.qdls.qdlr,starttime rbusy,Tbusy,chkpt.retrans, reject notwait init k,
10,from,tmode)
)
)
)
[> (receiverna{phLt] (vsvr,lu,vsp,q.qdls,qdlr,starnime,rbusy,Jbusy,chkpt retrans, reject,natwait.init,
k.to,from,tmode))
)

endproc (* sendei *)

process releasequene[phl](k : Natnr : Natq : pqueue) ; exit(Nat,pquene) ;=
(isempty(q)] -> exit(nr,q)
i) '
[not(isempty(q))] ->
([(nr ne.(mn(ﬁrstone(q))))] >
i
ireleasequene[phlj(k.nr.removefirst(g))
)
(1
[nr eq (snn(firstone{q)))] ->
exit(nr,q)
endproc (* releasegquene *)

process validnrf[phl](vs : Natlu : Natk : Natq : pqueue) : exit(Nat,pacqueue,eframe,pqueue) :=
phl ? £: eframe{(({nr(I) ge lu) or (nr(f} le (vs mod k))) and ((vs mod k) It lu)) or ({(n(f) ge 1u)
and (nr(f) le {vs mod k))) and ((vs mod k) ge lu))]
sexii(nr(f),any pacqueue,any eframe,q)
endproc

process receivevalidi[phLt] (vs,vr,lu,vsp : Nat,q,qdls ; pqueue,qdir : pacqueue starttime,rbusy,lbusy,chkpt,
retrans rejectnotwait ; Bool,initk : Natto,from : adress,tmode : mmode) :
exit(Nat NatNat Nat,pqueue, pqueve, pacqueue,Bool, Bool Bool,Bool,Bool Bool N atBool,
Nat frmrreason,Nat Bit) :=
[not(ibusy)] ->

((((phl 2 £ : eframe[((pl{f) eq 0 of Bit) and (comreci(f) and (i;‘_i(ael_f(f)) and (ns(f) eq (vr mod k) of Nﬂl)))')]
" :;lxit(nr(f).qdlr.f.q) (* no pol! requested *)
phi
validnrfphl](vsJuk.q)
) >> sccept nrev : Nat,qdlr : pacquene.f : eframe,q ¢ pqueve in
exit(nrev,qdir.f.q.false false) '
) .

o ' :
(Cphl ? £ eframe[{(pfif) eq 1 of Bit) and (((correct(f)) and ((is_i(ges_K(D)) and (ns(f) eq (vr mod k) of Nat))]

wexit(nr(f),qdlrf.q)
Ifphip
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1767
1768
1763
1770
177
17
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1750
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
181
1812
1813
1814
1815
1816
1817
1818
1816
1820
1821
1822
1823
1824
1825

validm f{phl](vsJuk,q)
)} >> accept nrov @ Natqdlr : pacquene,f ; eframe,q : pqueue in
((phl ! m(make_rr{flagging.from.ct_sframe(1,{(vr + Succ(0)) mod k)).fc,flagging),
noinfor,correct,notless,noebort)

sexit(nrev,qdir, f,q.true.false)

)

[] (* local entity becomes busy *)

(phl ! m(make_mr{flagging.from,ct]_sframe(.((vr + Succ(0)) mod k)).fc,flagging).

noinfor,correctnotless.noabort)

sexit{nrev,qdlr.f,q,true true)

)]

»
>> accept arcv : Nat,qdlr : pacqueue,f : eframe,q : pqueue,chk : BooLlbusy : Bool in
{[not(isempty(q)) and (nrev ne u)] ->

(* receive nr higher than last received nr acking some i frames *)

(! reset (* stop timer *)

ireleasequene[phl] (knrev.q)

>> accept lu : Nat, q: pqueue in

exit(lu,vr + Succ(0).q.false,pack(f) +- qdir)
>> accept lu : Natvr : Nat,g : pqueue,startiime : Bool,qdlr : pacqueue in
([isempty(q)] -> (* if no cutstanding frames unacked do not start timer again *)
(({[not(isempty(qdls))] ->
([not(chk)] >
(i;sendi[phl] (vs,vr,]u,vsp,q.qdls,qdlr starttime, thusy,lbusy,chkpt retrans reject,notwait, init,
k.o from,tmode)

i;sendrr[phl] (vs,vr,lu,vsp,q.qdls,qdlr starttime tbusy, |busy,chkpt,retrans reject notwait, init,
kto,from.tmode)

i;sendmr(phl] (vs,vr,Iu,vsp.q.qdls,qdlr,startime,rbusy, Ibusy,chkpt,retrans xeject,notwait, init,
k.o, from,tmode)
)

0
[chk] ->

{exit(vs,vr,lu,vsp,q,qdls,qdlr,starttime rbusy,lbusy,chkptretans,reject, init,notwait,0 of Nat,
nors,0 of Nat,0 of Bit))
)

1]
[isempty(qdls)] -> (* diefdce becomes busy *)
{[not(chk)] ->
(i;sendmr[phl] (vs,vr,lu,vsp.q.qdls,qdlr,starttime,rbusy,Ibusy,chkpt reirans.reject,notwait, init,
k,to,from,tmode)
1]

sendrr{phl] (vs,vr,luvsp,q.qdls.qdir,starttime,rbusy,lbusy,chkpt.retrans reject,notwait, init,
kito,from,tmode)
)

{
[chk] ->
(exit(vs,vt,lu,vsp,q,qdls,qdlr startime rbusy,Jbusy,chkpt retrans,reject, init, notwait,0 of Nat,
nors,0 of Nat,0 of Bit))
)

)
)
>> accept vs : Nat,vr: Natlu : Natvsp : Nat,q : pqueve,qdls : pqueue,qdir : pacqueue,startiime ; Bool,
thusy : Bool,lbusy : Bool,chkpt : Bool retrans : Boolreject : Bool,init : Natnotwait : Bool,
typ : Natrs : frmrreason,a : Natb : Bitin :
(exit{vs,vr,}u,vsp,q.qdls.qdir,true,rbusy,lbusy,chkpt,retrans, reject, init notwait,typ,nors,0 of Nat,0 of Bit))
} .

1t
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1828 [not(isempry{q))] -> (* stiill imacked frames start timer again *)

1827 (( ([not(isempty{qdls))] ->

1828 ({not{chk)] ->

1829 (iisendi[phd.t] (vs,v1.lu,vsp.q,qdls,qdlr starttime,rbusy,Jbusy,chkptretrans,reject notwait, it k,
1830 1o.from,tmode)

1831 0]

1832 i;sendrr([phl] {vs,vz,lu.vsp.q.qdls,qdlr,starttime.rbusy.Ibusy,chkpt retrans,reject notwait,init,
1833 ko, from,tmode)

1834 0

1835 i;sendmsfphl] (vs,vr,lu,vsp.q.qdls,qdlr starttime rbusy, Thusy,chkpt retrans reject,notwait,init,
1836 ko from,tmode)

1837 )

1838 0

1839 [chk] >

1840 (exit{vs,vr,In,vsp.q.qdls,qdlr,starttime,tbusy,ibusy,chkpt.retrans reject,initnotwait,(Succ(0)
1841 of Nat).nors,0 of Nat,0 of Bit))

1842 )

1843 (]

1844 [isempty(qdls)] ->

1845 ({[not{chk)] ->»

1846 (iisendrmr[phl] (vs.vr.Ju,vsp,q,qdls.qdlr, stanttime rbusy,lbusy,chkpt,retrans,reject, notwait,init,
1847 kto,from,tmode)

1848 y]

1849 i;sendrr[phl) (vs.v1,lu,vsp,q.qdls,qdlr stantime,rbusy,Ibusy,chkpt,retrans,reject, notwait, init,
1850 klo,&om,tmode)

1851 )

1852 0

1853 [chk] ->

1854 (exit(vs,vr,lu,vsp.q.qdls,qdlr,starttime,rbusy lbusy,chkplretrans reject,initnotwait,(Succ(0)
1855 of Nat),nors,0 of Nat,0 of Bit))

1856 )

1857 )

1858 )

1859 )

1860 )

1861 >> aceept vs : Natvr : Natlo : Navvsp : Navq : pqueue,qdls : pqueue,qdlr : pacqueue,starttime : Bool,
1862 tbusy : Bool,lbusy : Bool,chkpt : Bool,retrans : Bool.reject : Bool,init : Natnotwait : Bool,
1863 typ : Natrs : frmrreason,ind : Nat,b : Bitin

1864 {exit(vs.vr,lu,vsp,q,qdls,qdlr,true.rbusy,Jbusy,chkpt retransreject, init,notwait,typ,nors,0 of Nat.0 of BitY)
1865 )

1866 b))

1867 ] ,

1868 [(isempty(q) or (nrcv eq lu))] ->

1869 (* nr received equal to last nir received *)

1870 (exit{lu,vr + Suce(0),q.true,pack(f) +- qdlr)

1871 >> accept lu : Natvr : NaLq : pqueve,starttime : Bool,qdlr : pacqueve in

1872 ¢ ((( ([not(isempty(qdls))] ->

1873 ({not{chk)] ->

1874 (iisendi(phlt] (vs.vrJu.vsp.q.qdls,qdir,starttime rbusy,Ibusy, chkpt retrans,rejectnotwait,init,
1875 . ' k,to,from,tmode)

1876 N

1877 i;sendrr{phl] (vs.vr.lu,vsp,q.qdls,qdir.starttime rbusy,lbusy, chkpt.rem.njact.mtwuuml.
1878 k,to,from,tmode)

1879 0

1880 i;sendmr{phl] (vs.vr,Ju,vsp,q.qdis,qdlr,starttime rbusy, Ibusy, dlkp!mmecl.nolwm.unl.
1881 : . kito,fromtmode)

1882 - )

‘1883 0 .

1884 fchk] ->
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1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1506
1907
1908
1909
I910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942

1943

(exit{vs,vr,lu,vsp,g,qdls 1qdlr true,rbusy, Ibusy,chipt,retrans,reject,init,notwait,0 of Nat.nors,
0 of Nat,0 of Bit))
)

1]
fisempty(qdis)] -> (® die/dce becomes busy or send 1y since no info frame xvailable )]
([noy(chk)] ->
(i:sendrnr{phi) (u.wdmvsp.q.qdls,qdlr.nzuhncmm.dlkpmjwwtwﬁuﬁm
k,to,from,tmode)
b

i:sendrriphl] (v;.vr.lu.vsp.q.qdls.thr.swuime.rbusy.lmsy.dﬂq:uwm:cject.mtwﬁt.hﬂ:,
k.to,from,tnode)
)

0
[chk} -:

(exit{vs,vr,lu,vsp,q,qdls,qdlr,true rbusy, Ibusy,chkptretrans,reject,initnotwait,0 of Natnors,
0 of Nar0 of Bit))
)

)
1
>> accepl
vs : Natvz : NatJu : Natvsp : Natq : pqueue,qdls : pqueue,qdir : pacqueue, starttime : Boolrbusy : Boo),
Ibusy : Bool,chkpt : Bool,retrans : Bool,reject : Bool,init : Natnotwait ; Bool,typ : Natrs : frmrreason,
ind : Natb: Bit in
(;.)x:t(vs.vr.lu,vsp.q.qdIs.qdlr.uuc,rbusy.lbusy.chkpueu'mreject.inimotwa.it.typ.nors.o of Nar,0 of Bit))
»

endproc (* receivevalidi *)

process reviandbusy[phl,t] (vs,vr,luvsp ; Nat,q,qdls : pqueue,gdlr: pacqueue,staritime, rbusy, lhusy,chkopt,
) retrans,rejectnotwail : Boolinit,k : Natlo,from : adress,tmode : mmode) :
exit(N nt.Nll.Nat.Nn.pquwe.pqucue,pacqueue.‘Boo‘l.Bool.Bool.Bool.Bool.Bool.Nu.Bool.
Nat frmrreason,Nat,Bit) := .
{lbusy] ->
((phl.'f’ [: eframef{correct(f) and is_i(get_f(f))) and ((pfXf) ne 1 of Bit) and (ns(f) eq (vr mod k)))]
sexit(nr(f).qdlr,f.q)
iiphl)!
validnri[phl](vs,Ju.k.q)
)
il
((phl ? {: eframe[(correct(f) and is_i(get_f{f)) and ((pf(f) eq 1 of Bit) and (not{nis(f} eq (vr mod 1 3)))] ]
iexit(nr(f),qdlr.f,q)
I[phl]!
validnri[phi](vs.luk.q)
_ }>> acceptnrev ; Natqdlr : pacquexe,f : eframe,q : pqueue in
phI-I m(make_mr{flagging from,ctl_sframe(0,(vr mod k)).l'cJ'!agging)mohfor.corract.notlssmaabon)
) sexit(nr(f).qdlr.f,q)
f]
((phl ? £ : eframe[(comeci(f) and is_i(get_f(f)) and ((pf(f) eq 1 of Bit) and (ns(f) eq (vr mod k)))]
sexit(nr(f).qdlr.f.q) .
[[pha)t .
validnri[ehl](vs Juk,q)
) >> accept nrev : Nat.qdlr : pacqueue,f : eframe.q : pquene in
ph.} ! m(make_ms(flagging.from,cil_sframe(1,(vr mod k) feflagging)noinfor,commectnotless,noabort)
5 iexit(nr{).qdlr.f.q) .
>> accept nrev : Natqdlr : pacqueue,f : eframe,q : pquene in
{ - [not({isempty(q)) and (nrcv ne lu)] ->
(* receive nr higher than last received air acking some i frames *)
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1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1571
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1693
1994
1995
1936
1997
" 1998
1959
2000
2001
2002

(t!reset (* stop timer ¥)
ireleasequene]phl] (karev.q)
>> accept lu : Nat, g : pqueue in
([isempty(q)] ->
(exit(vs.vr,Iu,vsp,q.qdls,qdlr. starttime rbusy, Ibusy,chkpt retrans.reject ini, norweit,0 of Nat,
nors,0 of Nat,0 of Bit))
)

[}
[not(isempry(Q))] ->
(exjt(vs.vr.]u.up.q.qdls.qdlr.smn.ime,rbusy.lbusy.chkarcum.mjecl,i:ﬁt.notwait,(Succ(O) of Nai),
nors,0 of Nat,0 of Bit))
)

i1
fisempty(q) or (nrev eq lu)] ->
{* nr received equal 1o last nr received *)
(exit(vs,vr.lu,vsp,q.qdls,qdlr, starttime,rbusy, Ibusy,chkpt.retrans, reject, init.notwait, 0 of Nat nors,
0 of Nav0 of Bit))
)
endproc  (* reviandbusy *)

process receiverr{phlt] (vs,vr.lu,vsp : Navq,qdls ; pqueue,qdlr: pacqueue,staritime, rbusy,lbusy,chkpt,
rerrans rejectnotwait : Bool,initk : Natto,from : adress,tmode : mmode) :
exit(Nat.Nat Nat,Nat pquene, pqueue, pacqueve Bool, Bool Bool.Bool, Bool,Bool,
Nat,Bool,Nat fnrreason,Nat,Bit) :=
(({(ph1 ? f : eframelis_rr(get_f(f)) and ((pf(f) eq O of Bit))]
b t;l;:]nit(nr(f).qdh'.l’.q) (* no poll requested from peer entity *)
| |
validnri[phl}(vs.luk,q)
)>> accept nrev : Nanqdlr : pacquene,f : eframe,q : pqueue in
exit(nrev,qdlr,f.q,false,chkptinit)
)
¥ ‘
((phl ? f : eframe[chkpt and (((pf(1) eq 1 of Bit) and (eg(adrs(f).l0))) and (comreci(f) and (is_rr(ger_f(1N]
sexit(nr{f},qdkr.£.q) (* no poll requested *)
{[ph1)i
validrr([phl}(vs.luk.q)
) >> accept nrev : Natqdir : pacqueue,f : eframe.q : pqueue in
exit{nrev,qdir,f.q.true,false,0 of Nat)

)
0]
((ph3 7 £+ eframefis_m{get_f({)) and ((p{(f) eq 1 of Bit) and (eq(adrs(f),from)))]
sexit{nr(f),qdlr.f.q)
I[pn))
validnrijphl](vs,luk.q)
) >> accept nrcv : Natqdlr : pacqueue,f : eframe .q : pqueue in
([noi(lbusy)] -> (™ Jocal entitty not busy *)
([not(reject)] >
{ iph! ! m(make_rr(flagging,from,ctl_sframe(1.(vr mod k))fc,flagging)noinfor.comrectnotless,noabort)
sexit(nrev,qdir,f.q.false chkpt.init) (* poll requested so rr with f=1 sent ) -

)
(]
[reject] ->
(( i;phl ! m{make_m{flagging,from,ct}_sframe(1,{vr mod k)).fe,flagging)noinfor,correct,notless,noabort)
iexit{nrcv,qdir,f.q false,chkptinit) .
)
0
( i;phl ! m(make_rej(flagging.from.cul_sframe{1,(vr mod k)).fc.flagging).noinfor,correctnotless,nozbort)
iexi(nrev,gdin fq false,chkptinit)
3 , '
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2003
2004
2005
2006
2007
2008
2009
2010
201%
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
203
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061

)
0
[Ibusy} > (* local entity busy send mm *)
phl ! m(make_rr{flagging,from,ct]_strame(l,{vr mod k))fe.flagging)noinfor,comrect notless,noabort)
sexit(nrev,qdir.f.q.false chkpt,init)
)
)
>> acceptarcy : Natqdlr : pacqueue,f ¢ eframe,q : pqueue,retranschk : Bool,chk : Boolinit : Nat in
([(nor(isempty(q)) and (nrcv ne 1u)) and not(retranschk)] ->
(* receive nr higher than last received nr acking some i frames *)
(1!reset (* stop timer *)
ireleasequene(phl] (k.nrev.q)
>> accept lu : Nat, q : pqueue in
exitQu.false,q,qdis.qdir retranschk, chk)
)

1]
[(isempty(q) or (nrev eq 1u)) or retranschk] ->
(* nr received equal to last nir received *)
exit(luzue,q.qdls,qdirretranschk chk)
}>> accept I : Natfin : Bool.g : pqueue,qdls : pqueus,qdlr ; pacqueve,retranschk : Bool,chkpt : Bool in
{[(rot(retrans) and nol{retranschk)) and fin] ->
(exit{vs,vr,lu,vsp.q.qdls.qdlr,true sbusy,lbusy,chkpt,retrans,reject, init,notwait,0 of Nat nors,
0 of Nar,0 of Bit})
0
[{not{retrans) and not({rerranschk)} and (not(fin) and isempty(@))] ->
(exit(vs,vr,lu,vsp.q.qdls.qdlr,stanttime, tbusy,busy,chkpt.retrans, reject,init,notwait,0 of Natnors,
0 of Nar,0 of Bit))
[ :
{(not(rerrans) and not(retranschk)) and {not(fin) and not(isempty(q))] ->
(exit(vs.vr,lu,vsp.q.qdls,qdlr,starime,rbusy,lbusy,chkpt.retrans, reject, init, notwait,
(Suce(0) of Nat),nors,0 of Nar0 of Bit))
0l
[retrans or retranschk] -»
([fin or rerranschk] ->
(hide tin
reansmit[phl.t) (vs,vr.u,vsp,q,qdls.qdir,stanttime, rbusy.Tbusy,chkpt retrans,reject,notwait, init,
k.to,from,imode)
)

0
[not(fin) and not(retranschk)] ->
(hide tin
(1! start
seaansmit[phla] (vs,vz,lu,vsp,q.qdls,qdlr,starttime, rbusy, Ibusy,chkpt,retrans rejectnotwait,init,
ko, from,tmode)
»

)
»

endproc (* recejverr *)

process retransmit[phlt] (vs,vr.lu,vsp : Natq.qdls ; pqueve,qdir : pacqueue, starttime, rbusy, Jbusy,chkpLretrans,
‘ rejectnotwait : Boolinitk : Nazto,from ; adress,tmode : mmode) :
exit(Nat,Nat Nat Nat, pquese, puene, pacquene,Bool, Bool,Bool Bool, Bool Bool,
NatBool Nat.frmseason Nat Bit) :=
rckm-.nuss:on[plﬂ] (vs,vrJu.vsp,q.q.qdls,qdir.starttime,rbusy, Ibusy,chkpt retrans, rejectnotwait,init,
k.o, from,tmode)
> (recew:mr[pm.tl (vs,vr,lu,vsp,q.qdls,qdlr, smnxme.rbusy.lbusy.chkpt.remnject.mmnl.nut.
ko, fromtmode))

endproc (* retransmit *)
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2062
2063 process sendrr{phl] (vs,vr,Ju,vsp : Nat,q.qdls ;: pqueue,qdir : pacqueue, startiime rbusy,Tbusy,chkpt retrans,

2064 reject.notwait : Boolinitk ; Nat,to,from : adress,tmode : mmode) :

2065 exit{Nat,Nat Nat,Nat,pqueus,pquene, pacquene, Bool Bool,Bocl, Bool Bool Bool,

2066 Nat,Bool Nat, frmsreason Nat Bit) :=

2067 [not{rbusy) and not(reject)] ->

2068 {(;;phl ! m(make_rr{flagging,to,ctl_sframe(0,(vr mod k))fc,flagging)noinfor,correct,notless,noabors)
2069 iexit{vs,vr,Ju.vsp,q,qdls,qdir starttime,tbusy, falsechkpt.retrans, reject,init, notwait,

2070 0 of Nat,nors,0 of Nar,0 of Bit)

2071 )

2072 3]

2073 (i:phl ! m{make_rr(flagging,from.ctl_sframe{0,{vr mod k))fe flagging),noinfor,correctnotless noabort)
2074 iexit(vs,vr,lu,vsp,q,qdls,qdlr,starttime, rbusy, false,chkpt.retrans, reject, init, notwait,

2075 0 of Nat,nors,0 of NarL0 of Bit)

2076 )

2077 a

2078 (i;ph! | m(make_rr{flagging,io,ct]_sframe(1,(vr mod k))fe.flagging).noinfor,cotrectnotless,noabort)
2079 sexit(vs,vr.lu,vsp,q.qdls,qdlr,startiime,rbusy.false, true yetrans,rejectinit notwait,

2080 0 of Nat,nors,0 of Nat,0 of Bit)

2081 »

2082 0

2083 iexit(vs,vr,lu,vsp,q.qdis,qdlr,starttime,rhusy,Ixsy,chkpLretrans, reject, initnotwait,

2084 0 of Nat,nors,0 of Nat,0 of Bit))

2085  endproc

2086  process sendrej[phl] (vs,vr.lu,vsp : NaLq.qdls : pqueus,qdlr : pacqueuc,starttime,rbusy,lbusy,chkpt,

2087 Tetrans rejectnotwait : Boolinit,k : Natito,from : adress,tmode : mmode) :

2038 exit(Nat Nat Nat,Nat,pqueue, pqueue, pacqueue, Bool,Bool,Bool, Bool, Bool, Bool,

2089 . NatBoolNatfrmrreason, Nzt Bit) :=

2090 {[not(lbusy) and not(reject)] <>

2091 (((phl ? ' eframe((correct(f) and is_i(get_{(1))) and (((ns(f) ne (vr mod k))) and now((pf{f) eq 1 of Bit) and
2092 (eqladrs(f),from)))})

2093 sexit{nr(f).qdir,f.q)

2094 I[pha)l

2005 validnrffphl}(vs.luk,q)

2096 )

2097 )>> accept nrev : Nat,qdir : pacqueue,f : eframe,q : pqueue in

2098 releasequene[phl)(k,nrev.q)

2099 >> accept lu : Nat,q : pqueue in

2100 {(i;phl } m{make_rej({flagging.to,ctl_sframe{0.(vr mod k))fc.flagging).noinfor,correct.notless,noabort)
2101 sexit(lu,vr,q,qdls.qdlr false)

2102 )

2103 f]

2104 (i;phl ! m(make_tej(flagging,from.cil_sframe(0,(vr mod k)).fc.flagging)noinfor,comrect.notless,noabort)
2105 sexit(lu,vr,q.qdls.qdlr, false))

2106 0 '
2107 (i;ph | m(make_rej{flagging.to,ctl_sframe(0,{vr mod k)).fe.flagging).noinfor,comect notless noabort)
2108 iexit(u,vr,q.qdls,qdlr.false))

2109 0

2110 (i;phl t m(make._ rej(flagging,to,ctl_sframe(1,(vr mod k)).fe flagging).noinfor, correct notless,noabort)
2111 sexit(lu,vr,q,qdis qdlr.true))

2112 )} _ ‘

2113 0

2114 (phl 7 f : eframe](correct(f) and is_iget_{(f))) and ({(ns(f) ne (v mod k))) and

2115 {(pf(f) eq 1 of Bit)))] ‘

2116 iphl ! m(make_re;j(flagging.from,ctl_sframe(1,(vr mod k)).fc.flagging).noinfor,correct, notless,noabort)
2117 sexit(lu,vr,q,qdls,qdlr,false))

2118 )

2119 0l

2120 [reject] ->
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2121 ((((phi 2 f': eframef((coerect(f) and is_i(get_{())) and ((ns(f) ne (vr mod k)))) and (pf(£) eq O of Bit)]
2122 sexittnr(D),qdlr.f,q)

2123 Hphl]l

2124 validnrf] phi)(vs,luk.)

2125 )

2126 >> accept mrev : Natgdlr : pacqueve.f: eframe.q : pquene in

2127 releasequeve[phl](k,nrev,g)

2128 )

2129 I

2130 ((ph ? { : eframe[{(comrect(f) and is_i(ge1_f(f))) and ((ns(f) ne (vr mod k)))) and (pf(f) eq 1 of Bit)]
2131 sexiw(nr{f),qdlr.f.q)

2132 I[phi}l

2133 validnri[phl}(vs,luk.q)

2134 )

2135 >> accept naev : Navqdlr : pacqueue,f : eframe q : pqueue in

2136 phl! m{make_rej(flagging,from,ctl_sframe(1 (vr mod X)) fc.flagging).noinfor,correct notless,nosbort)
2137 eleasequene[phl}(k.rrev.g)

2138 »

2139 >> accept lu : Nat,q : pquene in

2140 (exit{in,vr,q.qdls,qdir.chipt)))

2143 )

2142 >> accept lu : Natvr : Navq : pqueue,qdls : pqueue,qdir : pacqueve,chkpt : Bool in
2143 ([isempry(q)) ->

2144 (exit{vs,vr.lu.vsp,q,qdls,qdlr,orue.rbusy,lbusy,chkpt,retrans reject,initnotwait,0 of Nat.nors,
2145 0 of Nat,0 of Bit))

2146 i

2147 [not(isempty(q))] -»

2148 exil(vs,vr,lu,vsp,q,qdls,qdlir.true,rbusy,lbusy,chkpt,retrans reject,init notwait,(Succ(0) of Nat),
2149 nors,0 of Nat,0 of Bit))

2150 endproc (* sendrej *)
2151  process receiverej{phl] (vs,vr,lu,vsp : Natq.qdls : pqueue,qdir : pacqueue,startime.sbusy,lbusy,chkpt.retrans,

2152 rejecynotwait : BooLinitk : Nut,to,from : adress,tmode : mmode) ;
2153 exit(Nat,Nat,Nat Nat,pqueve, pqueue,pacquene,Bool Bool Boo) Bnol Bool,Bool,
2154 Nat,Bool,Nat, frmrreason, NatBit) =

2155 {(((ph1 ? £ : eframefis_rej(ges_f(f)) and ((pI(f) eg 0 of Bit)))

2156 sexit{nr(f),qdir.f.q) (* 1o poll requested from peer entity *)

2157 I[phI)!

2158 validnrf[phl](vs,lu,k,q)

2159 ) >> sceept nrey : Nat,qdlr ; pacqueue,f : eframe,q : pqueue in

2160 exit(nrev,qdlr.f,q,false,chkpt,init)

2161 )

2162 1]

2163 ((phl ? {': eframe[chkpt and (((Pf(f) eq 1 of Bit) and (eq(adrs(f),to0))) and (correct(f) and (is_rej(get_f(D)N}
2164 iexit{nr(f),qdlr.f.q) (* no poll requested *)

2165 H[phi)l

2166 validnri[phl](vs,luk.q) ‘

2167 ) >> accept nrev : Naqdlr : pacquene,f : eframe.q : pqueue in
2168 exi(nrev,qdir,f,g,true.false,0 of Nar)

2169 )

2170

B .
2171 ((phl ? f: eframefis_rej(get_f(1)) and ((pf(f) eq 1 of Bit) and (eq(adrs(f),from))))
2172 sexit(nr(f),qdlr.f.q)

2173 I[phI)t -

2174 validnrITphl](vs,luk.q) .

2175 ) >> accept nrev : Natqdlr : pacqueue,f : eframe ,q : pqueue in

2176 ({norTbusy)] ->  (* local entitty not busy *)

2177 ([not{reject)] > - :

2178 (phl ! m{make_rr(flagging.from,ctl_sframe(1,(vr mod k) fc.flagging)noinfor,comrectnotless noabort)
2119 - sexit{nrev,qdir.f.q.false chkpt init) (* poll requesied so 17 with f=1 sent *)
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2180
218
2182
2183
2184
2185
2186
2187
2188
2189
2150
219
2192
2193
2194
2195
2196
2197
2198
2199
2200
2201
2202
2203
2204
2205
2206
2207
2208

2210
2211
2212
2213
2214
2215
2216
2217
2218
2219
2220
2221

2223
2224
2225
2226

2229
2220
2231
2232
2233

2235
2236
23
- 2238

~

}
(]
[reject] >
{{ phl ! m(meke_rr(flagging,from,ct]_sframe(1,(vr mod k)).fc.flngging)moinfor.wrracl.mﬂessmonbon)
rexit{rrev,qdlr,f,q,false,chkpt,init) (* poll requested so i with f=1 sent *)
0
( phl ! m(make_rej(flagging,from.ctl_sframe(1,(vr mod k))fe.flagging).noinfor,correctnotless,nosbort)
sexi(nrev,qdlr,f.q,false,chkpt,init)
)
)
)
[
[busy] -> (* local entity busy send rrn *)
phl ! m(make_nw(flagging,from.cll_sframe(1,(vr mod k))fe.flagging)noinfor,correct,notless,noabort)
sexit(nrev,qdlr, f,q, false,chipt, init)
)
)]
>> accept nrev : Naqdlr : pacqueue,f : eframe,q : pqueue retranschk : Bool,chk : Boolinit : Nat in
releasequeue]phl)(k.nrev,q)
>> accept Iu : Nat,q : pqueue in

(hide tin
retransmit[phl 1] (vs,vr.lwvsp.q.qdls,qdlr,stantime, rbusy,lbusy,chkpt.retrans, raject,notwait, init,
k.to,from,tmode)
)
endproc

process sendrnr{phl] (vs,vr}u,vsp : Nat,q,qdls : pqueue,qdlr : pacqueue,starttime,rbusy,lbusy,chkpt,retrans,
tejectnotwait : Boolinitk : Nat,to,from : adress,tmode : mmode)
exit (Nat,Nat Nat Nat,pqueue, pquee, pacquene, Bool,BoolBool Bool,Bool,Bool,
Nat,Bool Nat,fnnmreason NatBit) :=
[(not(rbusy)) and not(reject)] ->
(({i;phl ! m(make_mnr(flagging.to,ct)_sframe(0,(vr mod k)).fc.flagging).noinfor,comrect notless,noabort)
sexit(vs,vr,lu,vsp,q.qdls,qdlr,stanttime,rbusy, true,chkpt.retrans,reject,init. notwait,
0 of Natnors,0 of Nat,0 of Bit)
)

0
(i;phl ! m{make_mnr{flagging,.from,ctl_sframe(0,(vr mod k) fe.flagging)noinfor,correctmotless,noabort)
:exil(vs.vr.lu.vsp.q.qdls.qdlr.smuime.rbmy.uuc.chkpucn-ms.rejact.init.notwait.
0 of Natnors,0 of Nat,0 of Bit)
)
1]
iphl ! m(make_rnr{flagging,to.ctl_sframe(1,(vr mod k)).fe.flagging).noinfor,correct notless,noaborr)
;exiL(vs.vr.lu.vsp.q.qdls.qdl.r.smnﬁme.rbusy.uue.chkp:.reu-mujecgi:ﬁmomait.
0 of Nat,nors,0 of Nat,0 of Bit)
)]
endproc

process receivernr[phlt] (vs,vz,lu,vsp : Navq.qdls : pquene,qdr : pacqueue,staritime,rbusy,lbusy,chkpt,
‘ retrans,rejectnotwait ; Boolinitk : Natto,from : adress,tmode : mmode) :
exity{NatNat Nat Nat,pquene, pqueue,pacqueue Bool,Bool, Bool Bool.BooLBool,
‘ Nat,Bool,Nat frmrreason Nat,Bit) := ,
(((C Nl 2 £ : eframe[((pR() eq 0 of Bit) and (correct(f)) and (is_mr{gez_{())))]
N h;»]eri:(mcfquk.f.q)(*mpon requested %) o
validnrfTphi}(vs luk.g)
) >> acceptnrev : Nawqdlr : pacqueue,{ : eframe,q : pqueue in
exit(nrev,qdlr,f,q.false chkpt,init)
)

N
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223%
2240
2241
2242
2243
2244
2245

2247
2248
2249

2251
2252
2253
2254
2255

2257
2258
2259
2260
2261
2262
2263
2264
2265
2266
2267
2268
2269
2270
22n
2272
2273
2204
2275
2276
2N
2278
2279
2280
2281
2282
2283

2285
2286
287

2288 .

2289

2291
2292
2203
2294
2295
2296
2297

({phl ? £ : eframe[(chkpt and (((pf(f) eq 1 of Bit) and (eq(adrs(f),t0))) and (correct(f) and (i
I[ :cxlil.(m(l).qdlr.f.q) & oo poll sod o ‘ £ and (is_mr(get_{{1)))))
phijt
validnri[phl](vs,luk.q)
) >> accepl nrcy : Natqdlr : pacqueve,f ; eframe.q : pqueue in
exit{nrev,qdir,f.q.true, false,0 of Nat)
)
1]
)g())(]plﬂ ?1: eframe[((pf(f) eq 1 of Bit) and (eq(adrs(f).from))) mnd (({correct(£)) and {(is_rme(get_f(0)))
iexit(nr(f),qdlr.f.q)
I{phi)l
;’lﬁthrﬂphl](\'s.lukm

>> accepl nrev : Natqdlr : pacqueue,f : eframe,q : pqueue in
([not(Ibusy)] ->
([noxreject)] ->
( phl ! m(make_rr{flagging.from,ct)_sframe(1,{vr mod k))fe.flagging)moinfor,correct,notless,noabart)
iexit(nrev,gdlr,f,q,false,chkpt.init)
)
1]
[reject] ->
((i:ph] ! m{make_mr{flagging.from,ctl_sframe(1,{vr mod k), fe.fiagging).noinfor,correct.notless,noabert)
sexit{nrev,qdir,i,q, false,chkpt,init)
)
0
(i:ph! ! m{make_rej(flagging,from,ctl_sframe(1,(vr mod k))fe.flagging).noinfor,correct.notless,noabort)
rexit(nrev,qdir,f,q,false,chkpt,init)
)
))
1}
[(busy)] ->
phl ! m{make_rar(flagging.from,ctl_sframa(1,{vr mod k)fe,flagging).noinfor,correctnotless,noabort)
sexit(nrev,qdlr,f.q,false,chkpt,init)
»
)
» >> accept arcy ; Nat,qdlr : pacqueue,f : eframe,q : pqueue,retranschk : Bool,chk : Bool,init : Nat in
({not(isempry(q)) and (nrcv ne lu)] ->
{t ! reset
iteleasequene[phil(k.nrev.q)
>> accept lu : Nat,q : pqueue in
exit(lu,q,qdls,true,chk) (* timer stopped *)

)

]

[isempty(q) or (nrcv eq lu)) ->
exit(uq.qdis,false,chk) (* timer not stopped *)

)

>> accept Ju : Natq : pqueue,qdls : pqueue,stoptimer : Bool,chkpt : Bool in
([stoptimer and (isempty{qdls) and isempry(q))] ->

(cxil(vs.vr.hx,vsp.q.qdls.qdlr.fdse.rbuw.]busy.chkpt.ram.rejmt.irﬁl.norwait.

. - (Suee(Suce(0)) of Nat).nors,0 of Nat,0 of Bit))

[stoptimer and (not(isempty(qdis)) or not(isempty(q)))] ->
(exit(vs.vr.lu.vsp.q.qdls,qdI:.u'ue.rbusy.lbusy.dlkpt.rmns.reject.isﬁl.mtwﬁL

\Sucz(Succ{Succ(0))) of Nat).nors,0 of Nat,0 of Bit))

)
[not(stoptimer) and (isempty({qdls) and isempry(q))] ->
(exit(vs,vr,lu,vsp.q.qdls,qdir,true rbusy, Ibusy,chkpt,retrans, reject initnotwait,
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2298 0 of Natnors,0 of Nat,0 of Bit))

2299 0]

2300 [not{stoptimer) and (not{isempty(qdls)) or not(isempty(q)))] ->

2301 (exit(vs,vr,Iu,vsp,q,qdls,qdir truesbusy,Ibusy,chkpt retrans,reject, init, notwait,
2302 { of Natnors,0 of Nav,0 of Bit))

2303 )

2304 endproc
2305  process timeowt[phlt] (n2,vs,vr,huvsp : Nang.qdls : pqueve,qdlr : pacqueunce starttime, thusy, Ibusy,chkpt retrans,

2306 reject.notwait : Bool,initk : Nat,to,from : adress,inode : mmode) :

2307 exit{(Nat,Nat Nat, Nat, pqueve, prquene, pacqueue, Bool,Bool Bool, BooLBool Boo),

2308 NatBoolNat,frmrreason, Nat, Bit) :=

2309 ([not(reject)] ->

2310 (t ! expired

2311 (linit ne n2] >

2312 (i;sendrrb[phi] (vs.vr.lu,vsp,q.qdls,qdlr startiime, rhusy, Ibusy chkpt.retrans, reject notwait,init,

2313 k.w,from,tmode)

2314 0

2315 i;sendmrb[phl] (vs,vr.lu,vsp,q,qdls,qdlr,starttime, rbusy,lbusy,chipt.retrans,reject, notwait init,

2316 k.to,from,tmode)

2317 )

2318 1]

2319 [init eq n2] ->

2320 (exit(vs,vr.Iu,vsp.q.qdis,qdir,true,rbusy,Jbusy,chkpt.retrans,reject, init,notwait,

2321 Suce(Succ(Suce{Succ(0))) of Nat),make_reason(ctl_uframe{1),0 of Bit,0 of Nat,

2322 0 of Bit,0 of Nat,0 of Bir,0 of Bit, 0 of Bit,0 of Bi1,0 of Bit),0 of Nat,1 of Bit ))

2323 )]

2324 0

2325 [reject] >

2326 {1 ! expired

2327 i({init ne n2] >

2328 (sendrejbphi] (vs.vr.luvsp.q.qdls,qdlr,starttime,rbusy, lbusy,chipt.retrans, reject,notwait init,

2329 k,10,from,tmode))

2330 ¥

2331 [init eq n2} ->

2332 (exit{vs,vr,lu,vsp,q,qdls.qdlr,true,rbusy, Ibusy,chkptretrans,reject, init,notwait,

2333 (Suce(Succ(Succ{Succ{0)))) of Nat),make_reason(ct]_uframe(1).0 of Bit,0 of Nat,

2334 0 of Biv,0 of Nav,0 of Bit,0 of Bit, 0 of Bit,0 of Bit,0 of Bit),0 of Nat,1 of Bit))

2335 )]

2336 )

2337 where

2338 process sendrrbphl] (vs.vr,lu,vsp : Nat,q,qdls : pqueue,qdir : pacqueue,starttime.rbusy,lbusy,chkptretrans,

2339 rejectnotwait : Bool,initk : Nat,to, from ¢ adress,tmode : mmode) :

2340 exit(Nat Nat,Nat Nat pqueue, pquene,pacquene,Boal,Bool, Bool Bool,Boal,Bool,

239 Nat,Bool Nat, frmresson, Nat Bit) :=

2342 ‘ phl ! m(make_rr{ftagging,to,ctl_sframe(1,{vr mod k)),fc.flagging).noinfor,correct,notless,nozbort)

2343 s(exit(vs,vr,lu,vsp,q.qdls,qdlr,rue,rbusy, false, true retrans, reject,init notwait,

2344 (Succ{Succ(0)) of Nat),nors,0 of Nar,0 of Bit))

2345 endproc (* sendrh *)

2345

2347 pmcss sendmrb{phl] (vs,vr.lu.vsp : Nat,g,qdls : pquese,qdir ; pacqncue.stn'unne.rbusy.lbusy.chkpt.

2348 Tetrans,rejectnotwait : Boolinitk : Natto,from : adress,tmode : mmode) :

2349 ‘ exit(Nat,Nat Nat,Nat pquene, pqueue, pacqueue, BoolBool,Bool, Bool,Bool,Bool,

2350 : Nat Bool Nat frmrreason Nat Bit) := :

235} _phl ! m(make_mr(flagging.to,ct]_sframe(1,(vr mod k)).fc.fhggmg)momfor.mect.noﬂm.nmbon)
T 2352 .(exn(vs.vr.lu.vsp.q.qdls.qcﬂr.tme.rbusy.uue.u'nc.rmns.reject.uut.notwut.(Suec(Suce(O)) of Nat),

2353 ‘ nots,0 of Nat,0 of Bit))

2354 endproc (* sendrb *)
2355 Frocess sendrejb{phl] (vs.vr.lu.vsp : Natg.qdls : pqueue,qdir panqmue.swnune.rbusy.lh:sy chkptretrans,
2356 rcjecl.no:wm Boolinitk : Nat.to,from ; admsunode mmode)
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2357 =xit{Nat,Nat,Nat,Nat,pqueve, pqueue,pacquene, Bool, Bool, Bool Bool,Boo!, Bool,

2358 Nat,Bool Nat,frnmreason, Nat,Bit) :=

2359 phi ! m{make_rej(flagging,to,ctl_sframe(t,(vr mod k)).{c,flagging).noinfor,comrect,notless,noabort)
2360 i(exit{vs,vr,lu,vsp,q.qdls,qdlr, true shusy,fal se,true,retrans,trus, init notwait,{Succ{Succ(0)) of Nat),
2361 nors,0 of Nat,0 of Bit))

2362 endproc (* sendrejb *)
2363 endproc (* timeoutbusy *)
2364  endproc (* infphase *)
2365  endproc (* inforphase *)
2366  endproc (* dataphase *)
2367  endproc (* lapb *)

2368  endspec
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Appendix B: Trees Used in the Test Case Generation

Disconnected Tree

bh0 * 1 phl %sframe,sframe)eframe (1)
[or(md(conecl(s&ame).md(eq(pf(s&me).SI).eq(ldrs(s&mc).ﬁ'om))).is_disc(gct_f(sfnme)))]
[mt(or{md(eq(n-nodc.basic).is_nbm(gel_[(sEn.me))).nnd(eq(unode.exmded].is_sabme(get_f(sframe)))))] [619,622)

bhl *11i(cnable: exit Ip[(sframe):Bit) [620,623]

bh2 * 111 phl !m(make__dm(flagging.fmm.ctl_ufmne(b),fc.ﬂagghig).nohfor.mecml]evs.noal:mt):e.fnme [624]

bh3 * 1111 i (enable: exit) [626] ==> again bhi

* 2 phl %{sirame sframe]eframe  (2)
[end{not(or(and(cormrect(sframe),and(eq(pf(sframe),$1), (adrs(sframe),from)))is_disc(get_f(sframe)})),
not{and(is_dm(get_f(sframe)).eq(pf(sframe),$0))))]
[not.(or(a.nd(eq(tmodc.basic).is_sahm(gct_f(sﬁ-une))).and(cq(unode.exlmded).is_nbme(get_t‘(sfmne)))))] [629,633]
bha * 11 (enable: exit) [631,634] ==> again bh0
* 3 dl ?p:primitive 3
[is_dl_est_req(p)] [639]

bh5 * 11 [eq(tmode,basic)] i (hiding: [Tt(iniLn2)] p 1$1:Nat) [1096,1 150)

bhé * |11 phi !f:eframe [1097,1151)

bh7 * 1111 (hiding: t Istart:time) [1078,547] => continue

* 12 [eg{tmode,basic)) i (hiding: {eq(iniLn2)] p 150:Bit) [1108,1153]
bh8 * 111 exit !false:Bool !false:Bool ** EXIT SUCCEED ** [1109,1154)
* 13 [eq(tmode,extended)] i (hiding: ((init,n2)] p 1$1:Nat) [1096,1150]
bh9 * 11 phl f:eframe [1097,1151)
bh10* [111 i (hiding: t !start:time) [1078,547] = continue
* 14 [eq(umode,extended)] i (hiding: [eq(iniLn2)] p !S0:Bit) [1108,1153] => again bh§
* 15 i (hiding: [It(initn2)] p 1$1:Nat) [1096,1150)
bh11* |11 phl !f:eframe [1097,1151]
bh12* 1111 i (hiding: t Istart:time) [1078,547] => continue
* 16 i (hiding: [eq(iniLn2)] p 150:Bit) [1128,1166] ==> again bh8
* |7 [senddmoption] i (hiding: [(init,n2)] p 151:Nat) [682,719)
bh13* 111 phl Im(make_dm(ﬂagging.to.ctl_,u&me(&(}).fc,I'lngging).noh[’or.emrect.notlcss.noabon):eframe [683,720]
bhid* 1111 i (hiding: 1 Istart:time) [684,536) ==> continue
* 18 i (hiding: [eq(iniL,n2)} p 150:Bit) [695,722) =—> again bh8
* 4 ph! ?sframe:eframe 4)
[and(or(and(is_sabm(gel_f(sframe)).eq(unode.basic)).a.nd(is_snbme(gelj(sframe)).eq(unode.cxtcndcd))).
cotrect(sframe))] [596]

bh15* 111 [598]

C*lllph !m(makc_ua(ﬂagging.from.ctl_u&me(pf(sframe)).fc.ﬂagging).noin.for.ccrmcl.notlssmoabon):efmnc [598]

bh16* [111 exit !rue:Bool !false:Bool ** EXIT SUCCEED ** [598]

*12i[602]
* 111 phl !m(make_dm(ﬂa&gi:xg.&mﬂLu&me(sz&mne))Jcﬂngging}momfcr.mec(.mllessmoabon):efnme [602]

bh17* 1111 exit !false:Bool {false:beol ** EXIT SUCCEED ** {603) .

* 5 phl ?sframe:eframe (5)
{and(correct(sframe),and(is_dm(get_f(sframe}).eq(pf{sframe),$0)))] [607]
*11j[609)

bh18* 111 i (hiding: [Iinitn2)] p !$1:Nat) [1096,1150]
bh19* 1111 phl If:eframe [1097,1151] ==> again bh7
* 111 i (hiding: [eq(init,n2)] p 150:Bit) [1128,1166] ==> again bh8

*12i[613)
*111pht !m(make,dise(ﬂlgghg.to.ctLuﬁ'me(pf(s&me)).fc.ﬂagging)mhfor.mmoﬂess.noa_bm):
eframe [613) ==> again bh17
' * 6 pht 7f:eframe - (6)

[not(correci(f))] [830] ==> sgain bh3

151. .



Linksetup Tree

bh0 * 1 (hiding: [M(init.n2)) p 1Suce(0):Nat) [1096,1150)
bhl * 11 phl !m(make_sabm(flagging,b,ctl_uframe($1),fc,flagging).noinfor.comestnotless,nosbort):eframe [1097,1151)
bh2 *111 i (hiding: t Istart:time) [1098,547)
bh3 * 1111 i (specified explicidy) [548] 1)
bhd * 11111 i (hiding: t lexpired:time) [1100,549)
bhS * 111111 i (enable: exit) [1100]
bhé = 111111 i (hiding: [li(initn2)] p 1Sucs(0):Nar) [1096,906,931,956,992,1027)
bh7 * 11111111 phl Im(meke_sabm(flagging,b.ct_uframe($1).fc,flagging).noinfor,correct,notless,noabor):
eframe [1097,907.932,957,993,1028] = again bh2
® 111112 ¢hiding: [eq(init,n2)) p 10:Bit) {1108,1153]
bh8 * 11111711 exit false:Bool !false:Bool I$f1 ** EXIT SUCCEED ** [1109,1154,550]
bh9 * 1112 phl fram.sframe f,f,f,feframe (2)
Iand(conecl(sfmme).er(is-slbm(get-f(sfmne)).or(or(is-disc(gct-f(s&nme}).md('&ua(gct-f(sﬁ'ame)),
eq(pf(sframe), 1))).and(is-dm(get-f(sframe)).eq(pi(sframe).1)))))}
{and(comect(f),and(is-ua(get-Kf)).eq(pfi(f).1)))]
(not(and(correct(f),and(is-dm(get-f(D).eq(pi(f),1))))]
{not(and(correci(f),or(is-sabm(get-f{f)),is-sabme(get-f(D))))]
[not(and(correct(f).isdisc(get-f(F)))) [1127.882,921.938,979,1000)
* 111111 (hiding: pp 10:Nat) [1113,890,922,941,983,1003)

bh10* 1111111 i (hiding: t treset:time) [1114,552)
bh11* 11111111 exit 'true:Boo) !false:Bool !$f1:eframe ** EXIT SUCCEED ** [1115,891,917,942,984,1004,553]
* 1113 pht 2 fram,sframe, 1.1, [eframe (3)

[and(corrccL(sfmne).or(is—sabm(gct-f(sfmme)).or(m(is-disc(get-f(sEmne)).md(is-ua(gel-f(sframe)).
eq(pl(sframe),1))).and(is-dm(get-f{sframe)),eq(pf(sframe),1)))))]
[not(and(correct(f).and(is-ua(ge1-{(f))eq(pi(N,1))))]
[and{comrect(f),and(is-dm(get-fN)eq(pl(f).1))))
[not(and(cormrect(f),or(is-sabm(get-f{)).is-sabme(get-f(DI)]
[not(and(correct(f).is-disc{get-f(1))))] {1127,882,913,945,979,1000]
* 11111 (hiding: pp 10:Nat) [1113,890,916,947,983,1003]
bh12* [111E11 § ¢hiding: t Ireset:time) [1114,552)
bh13* [1111181 exit false:Bool tHalse:Boc) I3[6:eframe ** EXIT SUCCEED »* [1115,891,917,948,984,1004,553]
* 114 phl ?fram,sframe,f.f.f fleframe )
[and(correct(sfnme).mﬁs-sabm(gct-f(sframe)).or(orﬁs-disc(gnl-f (sframe)),and(is-ua{get-f(sframe)),
eq(pf(sframe), 1))).and(is-dm(get-f(sframe)),eq(pistrame),1)))))]}
[not(and(correct([),and(is-ua(get-£(f))eq(pf(f),1))))
(not(and(comeci(f),and(is-dm(get-f(F)).eq(pH(D,1)))))
{no(and(correci(f),or(is-sabm({get-K1)),is-sabme(get-f{)))]
fand(correct(f).is-disc(get-f())) [1127,882,913,938,979,1007]

* [11E1 i (enable: exit alse:Bool lm(m:ke_disc(ﬂngghg.b.cﬂ_u&ame(ﬂ).fc.ﬂlgging)moi:ﬂor.onmcmodess.mM)
cframe) [1008] ‘ :
bh14* 111111 i (hiding: pp 151:Nat) [1118,890,916,941,983,1011)
* LI 1 (hiding; 1 Iresevtime) [1119,552)

* 111 T i Chiding: p 1S0:Nat) [1120,900,925,950,986,1012)
bhl1S*i1111tI1] phl Im(make_dm(flagging.a.ctl_uframe(1),fc,Nlagging)noinfor,correctnotless,noabort)
seframe [1121,901,926,951,987,1013]
* HTHITLT exit false:Bool Halse:Bool 1$f8 ** EXIT SUCCEED ** [1 122.902,927,952,988,1014,550]
* 1115 phl ?2[fram.sframe,ff.f.{Jeframe (%)

’ [and(correcl(sfnme).or(is-sabm(get-f(sfnme)),or(or(is-disc(get-f(s&une)).md(is—ua(get-f(sfnme)),
eq(pf(sfreme). 1)), and(is-dm(get-f{sframe)).eq(pf(sframe).1)))))]
[not(and(correct(f),and(is-ua(get- R, eq(pf(N.1)))))
[not(and(correct(f),and(is-dm(ges-f(D)).cq(pRD.1)M)]
[and(correct(i),or(is-sabm(get-£(f)),is-sabme(get-f())))) \
. {noW(and(comrect(f),is-disc(get-f(D))))] [1127,882,913,938,964,1000) '
* 11111 i (enable: exit ttrue:Bool !m(make_ubm(ﬂlgging.b.cll_uﬁame(ﬁ).fc,ﬂagghg)‘minfur.oénacmoﬂessmnlbon)
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seframe) [965]
* 11111 (uding: [collis(m(mnkc_ubm(ﬂxgghig.b.cu_uﬁ'mc(sl)Iqﬁngghg)mMor.coneanotJ:ss.noabon),
m(mak:_sabm(ﬂaggh:g.b.cﬂ_uﬁnme{ﬁ).fc.ﬂsgghg).minfor.correcl.noﬂcss.noabon))]
pp 151:Nar) [1118,890,916,941,1035,1003] == continue 3

bh16* 1111111 i (hiding: t tresertime) [1119,552)
BRI7* 1T ¥ i (hiding: p 150:Nat) [1120,900,925,950,1036,1021]
bh1S* 111111111 phi !m(mke_m(ﬂagghg.a.cu_uﬁ‘une(l),fc.ﬂagging).noinfor.moﬂess.mabm) :
eframe [1121,901,926,951,1037,1022] ==> continue
* 1116 phl 2 fram,{.f,sframe.f, fleframe (6)
[not(and(correct(f),or(is-sabm(get-f(f)),is-sabme(get-{)))))]
[not(and(correct(f).is-disc{get-f(f))))] :

[noL(or(md(correcL(sfra.mc).is-sa.bm(gu-f(sﬁ'me))).or(is-disc(gel-f(sfmnc)),or(md(is-ua(get-l‘(s&me)).
eq(pf(strame),1)).and(is-dm(get-f(sframe)),eq(pf(sframe),1)))))]

[not(and(correct(f),and(is-ua(get-f{f)).eq(pf(f),1))))]

[not(and(correct(f).and(is-dm(get-£(f)}.eq(pf(£). 1)) [1127,895,913,938,979,1000] => again bh9

TSABM_resolve_collis 0 Tree

bh0 * 1 [eq(0.0)] i (hiding: t Istartime) {1052,536]
bh1 * | 1 (specified explicitly) [537)
bh2 * 1111 (hiding: t lexpired:time) [1055,538)
bh3 * 11111 (hiding: [1(0.53)} p !51:Nat) [1096,1150] ==> continue
* 112 phl Y fram,sframe,fram,fram, fram, fram]:eframe
[and(and(is_ua(ge_{([fram])),eq(pi([fram]).51)).comrect([fram}))] (874,874,874,874,1064,874]
bh4 * 1111 i (hiding: t treser:time) [1065,541] ==> continue
* 11121 (hiding: t lexpired:time) {1055,538) ==> again bh3
* 113 phl ?{fram,sframe.fram,fram,fram, fram]:eframe
[or(incormct([fram]).or(md(is,,m(geLi’({fram])).eq(pf([ﬁnm]).sU))mol(is_un(get_f([l‘nm] i
[874,874,874,874,1070,874] ==> again bh2
* 12 phl ?[fram,sframe, fram fram, fram, fram):eframe
[and(and(is_ua(get_f{[fram])).eq(pK{[fram)),$1}},correct([fram]))] [874,874,874,874,1064,874]
bhS * 111 i (specified explicitly) {S37] ==> again bhd
* 112 (hiding: t Ireset:time) [1065,541]
bh6 * 1111 exit {rue:Bool !false:Bool Im(make_sabm(flagging,to,cul_uframe(1).fc.Nagging)noinfor \correclnotless,noabort):
eframe ** EXTT SUCCEED ** [875,875,875,875,976,875,553)
* 13 phl ?[fram,sframe,fram, frain,fram, fram):eframe
[or(incorrect([fram]).or{and(is_ua(get_f([fram) )).eq(pf([fram]),50)).nor(is_ualget_R{fram]))))))
[874,874,874,874,1070,874] ==> again bhl

TSABM_resolve_collis_1 Tree

bh0 * 1 [eq(Succ(0),Succ(0))] i Chiding: t Istart:time) {1052,536]
bhl *11i {specified explicitly) [537]
bh2 * 111 (hiding: t lexpired:time) [1055,538)
bh3 * 1111 exit ltrue:Bool |false:Boo) !m(make_sabm(ﬂagghg.lo.cﬂ_u&une(l).fc.ﬂagging).minfor Jcorrectnotless,noabort):
eframe ** EXIT SUCCEED ** [875,875,875,875,976,875,553)
* 112 phl ?[fram,sframe,fram, fram, fram, fram};eframe
(and(and(is_ua(get_f({fram])).eq(pf([fram)),$1)),correct(f fram]))] [874,874,874,874,1064,874}
bhd * | 11 i (hiding: t reser:time) [1065,541] ==> continue ‘
* 11121 (hiding: t lexpired:time) {1055.538) ==> again bh3
* 113 phl 2 fram,sframe.fram.fram, fram, fram):eframe
(ortincorrecy([fram]),or(md(is_ua(get_([fram]}).eq(pi([Eram]),$0))noi(is_uva(get_K{EamD))]
[874,874,874,874,1070,874] => again bh2 ‘
* [ 2 phl ?[fram,sframe, fram fram, fram, fram):eframe
[and(and(is_va(get_{{[fram])).ecq(pf({fram]).$1)),correct([fram]))) [874,874,874,874,1064,874] . .
bhS * 111 (specified explicitly} [$37] => again bhd . '
* 112 (hiding: t Ireset:time) [1065,541]
-bh6 * 1111 exit ltrue:Bool false:Bool Im(make_sabm(flagging.to,ct)_uframe(1).fc,Mlagging).noinfor \«comrect.notless,noabort):
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eframe ** EXIT SUCCEED ** [875,875,875,875.976,875,553]
* | 3 phl ?[fram,sirar:s,fram, fram, fram, fram]:eframe
[or(incamect([fram)),or(and(is_ua(get_f({fram])),eq(pf({f:am]),$0))not(ir_ualget_f([fram]))))]
[874,874,874,874,1070,874] => again bh2

TSABM_RESOLVE_COLLIS_1 TREE

bhO * 1 [eq(Suce(Succ(0)),Succ{Succ(0)))] i (enable: exit lrve:Bool Halse:Bool [1090)

* 11 exit !true;Bool !false:Boo! Im(make_sabm(flagging,to,ct]_uframe(1),fc flagging)noinfor «<omrectnotless noabon):
eframe ** EXIT SUCCEED ** {875.875,875,875,976,875]

Dataphase Tree

bh0* 1 [ne(Succ(vsp)mod k.Iu)] dl ?p:primitive

(is_d1_dara_req(p)] [1664] ==> continue
* 2 [ne(Succ(vsp)mod k,lu)) [and(not(chkpt)not{notwair))] phl :eframe (2)
[and(correcl(D.and(not(is__sabm(gct_f(O)).md(nol(is_sabme(gel_f(i))),md(nol(is_dm(gct_f(l))).md(not(is_disc
(861..1'(0))-ﬂﬂd(nDl(is_m(BﬁLf(f))).ﬂﬂ(mtﬁs_ﬁmrfsﬂ_ﬂm)-md(mt(is_i(set_f(f)))-md(eq{ﬂﬁ(f)-ln).
eg(pROSLNNNMN [1588]
* 11 [or(eq(n,$2),eq(r,$3))] ph !m(mnke_dm(ﬂagging.ﬁ'om.cr.l_uframe(SO).fc,ﬂagging).minfar.correct.noﬂessmonbort)
reframe [1233] => continue
* 12 [or(eq(n.$2),eq(n,$3))] phl Im(make_sabm(ﬂagging.ﬁ'om.cﬂ_uﬁmnc(ﬁ).fc.ﬂagging).noinfor.cmrccmoﬂcss.noabort)
:eframe [1097,1151] => continue
* 13 {or{eq(n52),eq(n,$3))] phl Im(make_disc(ﬂagging.fromcl]_ufrmc(sl).fc.ﬂngging).nninfor.eonacl.noﬂess.noabon)
teframe [1097,1151] => continue )
* 3 [ne(Succ(vsp)med k,1u)) phl f:eframe
[and{correct(f),or(is_sabm(ger_f(f)).is_sabme(ge1_{(N)))] [1596)
* 11 [eq(n,$2*52)] phl lm(mnke_ua(ﬂagging.&om‘ell_uframe(b).fc.ﬂassins)moinfor.onmm,nodms.noabon)
:eframe {1253] => continue
* 12 [eq(n,52*52)] phl lm(makc_dm(ﬂngging.lo.cd_ufrma(b).fc.ﬂagghag).noinfor.eonecmotless.mabon)
ieframe [1258) ==> continue
*4 [ne(Succ(vsp)mod k,1u)] phl :eframe
(and(correct(f),or(is_ualget_f(D).is_dm(get_f(N))] [1603)
* 1] [or(eq{n.52),eq(n,$3))] phl !m(mnke__dm(ﬂagging.ﬂ'om.cﬂ_uﬁ'ame(SO).fc.ﬂagging).minfor.correct.not]cssmoabort}
:eframe [1233] ==> continue
* 12 [or{eq{n$2),eq(n.$3))] phl Im(makc_sabm(ﬂagging.from.cﬂ_ufmme(&l).fc.ﬂagging).noinfor.corrcct.nolless.noabon)
:eframe [1097,1151] ==> conlinue
* 1.3 [or(eq(n,$2),eq(n,53))] phl Im(rnake_disc(ﬂagging.fromcd_uﬁ'sme(Sl).fc.ﬂngging)moinfor.con-ecr,nolhss.noabon)
:eframe [1097,1151) ==> continue
*35 [ne(Suce(vsp)mod k.lu)] pht :eframe
[and(and(is_valid(D.nol_abon(f)).or(md(not(is_i(gex_l‘(f))).is_infmt(f)).ml(eoxrl(D)))] [1407)
* 11 phl ! m{make_frmr({flagging.to,cil_uframe(l )reasonfrmr,fe flagging),noinfor,comrectnotless,noabort) :eframe [1268)
=% continue
* 6 [ne(Succ(vsp)mod k,1u)] phl M:eframe
(2nd(and(is_valid(f),not_abor(f)).is_undef_cti(get_ct(get_f(N)))] [1434]
* |1 phi! m(make_ﬁnu(ﬂagging.lo.cﬂ_uﬁ'ame(l).rcasonfnnr.fc.ﬂasging).noinfor.conect.nouess,mnbon):eﬁ'ame [1268]
==> continue
*7 [ne(Succ(vsp)mod klu)) phl Mieframe (7)
[and(and(is_valid(f),not_ebort(f))motvalid_nri(f,vs,Ju.k)) [1412]
* 11phl! m(make_&mr(ﬂagging.lo.cﬂ_u&nme(l).reasonfrrnr.fc.ﬂngging).noinfor.eumct.noﬂess.mabon):e&me [1268]
==> continue
* 8 [ne(Succ(vsp)mod k,lu)] phl H:eframe
[and(and(is_valid(f)mot_sbort(f).and(is_i(get_f(D))mot{comi(f))))] [1416) ‘
* |1 phl ! m{make, _ﬁnu(ﬂagging.:n.cﬂ_ufmne(l).reason&mr.fc.ﬂagging),nuinfor.mecmoﬂess.noabon):efmne [1268)
==> continue
* 9 [ne(Succ(vspymod k lu)) phl :eframe
[and(correct({f),is_frmr(get_{(D)))] [1420] ' .
* 11 [or{eq{n.52),eq(n,$3))] phl lm(mlk:_dm(ﬂagging.&om.cd_u&une(SO).fc.ﬂlgging).noinfor.oomct.nolless.no;bon)
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seframe [1233)
* 12 [or(eq(n.52},eq(n.53))] phl m(make. sabm(flagging.from.cil_uframe(b)fc.flagging)noinfor,correctnotless,nosbort)
:eframe [1097,1151] ==> continue
* 13 [or(eq(n.$2),eq(n,53))] phl !m(mnke_disc(ﬂagghg.fmm.ctl_ufrsme('b).fc.ﬂagginx).noin.l’or.currecl.noﬂcss.noabon)
seframe [1097,1151] => continue
* 10 phl ?ff.fleframe
{and(eq(pf(f),50),end(comect{f},is_mr(get_{(D)))]
[or(and({ar(ge(nr(f).lu).le(nr{D).vs mod k) li(vs mod k,Ju)),md(and(ge{nr(f),lu),lefrr(f).vs mod k),
ge(vs mod k,1u)))) [2231,1546] => continue
* 11 phl ?{f fleframe
(and(chkpLand(and(eq(pff),51)eq(adrs(f)t0)).and(correct(f),is_rmr{ges_{(N)N)]
[or{and(or{ge(nr(f).lu)le{nr(f).vs mod k)}It{vs mod k.lu)).and(and(ge{nr(f).Ju),Je{nr{)vs mod k),
gelvs mod kJu)))] [2239,1546] ==> continue
* 12 phl ?[ffleframe
[and(and(eq(pf(f).$1)eq(adrs(f), from)).and(correct(f).is_rrr(ges_{(D))))]
[or(and(or(ge(nr(f).lu).le(nr{f).vs mod k))Jt{vs mod k.lu)).emnd(and(ge(nr(f),lu)Je{rr(F).vs mod k)),
gelvs mod kJu))] [2247,1546]
* 11 [not{lbusy)] phl ! m{make_vr{flagging, from,ct!_sfiame(1,(vr mod k)).fe,flagging)noinfor,comrest notless,noaborr)
seframe [2256] ==> continue _
* 13 phl ! m(make_iframe(flagging,to,ctl_iframe(vs,$0,vrmod k), packe(firstone(qdls)).fc.flagging),
neinfor,comrect.notless,noabort) ;eframe
[and(not(isempry(qdis)).not{rbusy))] [1679]
* 14 ph! im(make_iframe{flagging.to.ctl_iframe(vs,51,vr mod k).packe(firstone(qdis)),fc,fagging),
infor.correctnotless, noabort):eframe
[and(not(isempry(qdis)).not(rbusy))] [1697)
* 15 phl ?[f fleframe
[and(is_rej(get_{(D))eq(pf(f),$0))]
[or(and(or(genr{f).lu),le(nr(f),vs mod k)),lt{vs mod k.lu)),and(and(ge(nr(f),lu).le(pr{f).vs mod k)).ge{vs mod k,u)))]
{2155,1746] ==> continne
* 16 phl f fleframe
(and(chkpt,and(and{eq(pl(f).$1),eq(adrs(f).to)).and(comrect(f).is_rej(ger_{(H))))]
[or(and(or(ge(nr{l)u),le{nr{f),vs mod k)).1i{vs mod k.lu))end(and(ge(nr().lu),le(nr{f),vs mod k)},ge(vs mod k.Iu)))]
[2163,1746) ==> continue
* 17 phl {{.fjeframe
[and(is_rej{get_f(D).and(eq(pf(1).51).eq(adrs(f).from))))
[or{and{or(ge(nr(f).lu},le(nr(f),vs mod k)}k(vs mod kilu)),and(and(ge(nr(f),lu),le(nr(f).vs mod k)),ge(vs mod k,Iu))))
[217,1746)
* 11 phl ! m(make_rrflagging.from,ctl_sframe{1.((vr + Succ(0)) mod k)).fe,flagging)moinfor,correct,notless,noabort)
[2178] ==> continue
© * 18 [not(lbusy)) phl ?[f.fleframe (18)
[and(eq(pf(£),S0)and(correct(f),and(is_i(get_f(N).eq(ns(f),vr mod k)))))
[or{and(or(ge{nr([),Ju),le(nr(f).vs mod k)),lt(vs mod k.lu)).and(mnd(ge(rr(f),v).le(nr(f),vs mod k)).ge(vs mod k,u))))
[1756,1746)
* 11 phl! m{make_iframe(flagging to,ctl_iframe{vs,0,(vr mod k))packe{firstone{qdls)).fc,fagging),
noinfor,correct,notless,noabort) [not(isempty(qdls)) and not(rbusy)] [1679) => continue
* 12 phl | m(make_rr(flagging,from,ctl_sframe({0.({vr + Suce(0)) mod k))fe.flagging)noinfor,correct notless,noabort)
{2068) =<> cominue
* 13 phl ! m(make_rnr{flzgging,from,ctl_sframe{0,((vr + Succ(0)) mod k))fe,fiagging)noinfor,comrectnotless,noabort)
[2211]) => continue :
* 19 [not(lbusy)] phl ?{.fleframe .
(and(eq(pf(f).$1).and(correct(f),and(is_i(get_f{f))eq(ns(f).vr mod k))))]
[or{and(or{ge{nr(f).lu),Je(nr(f).vs mod k)}.1i(vs mod k.Ju)).and(and(ge(rr(f) Ju),le(nr(f),vs mod k))gelvs mod ku)))]
{1764,1746] '
* 11 phl ! m{make_sr(flagging,from.ct_sframe(1({vr + Succ(D)) mod k)).fc.ﬂa'ggim)mhfor.correa.noﬂés.noubon)
[1769] ==> continue ‘
. * 12 phl I m{make_mr(flagging.from,ctl_sframe(1,((vr + Succ(0)) mod k)).fe.flagging)noinfor,correctnotless,noabort)
[1774] ==> continue.  * '
* 20 phl f.fleframe
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(and(is_re(get_{(F)),cq(pf(f).50))}
{or(and(cf(se(m‘(mu).le(m'(ﬂ.\'s mod k))Ji(vs mod k.lu)).and(and(ge(ar(f).lu).le{nr{f).vs mod k)),ge(vs mod kJu)))]
1968,1746}
11 phl | m(make_m{flagging.to,ctl_sframe(0,(vr mod k)).fc.flzgging)noinfor.comectnotless noabort)
[2068] => continue
12 phl ! m(make_rr(flagging. from.ctl_sframe(0,(vr mod k)).fe.flagging).noinfor,comrectnotless,nosbort)
[2073] => continue
* I3 m{make_rr(flagging,to,ct_sframe(1,{vr mod k)hfe.flagging)noinfor,correctnotless,nosbort) {2078] —> continue
* 141 (enable: exit !10:Nat 10:Nat 10:Nat !0:Nat tempty:pqueue lempty:pqueue lempty:pacquene !false:Bool

{false:Boo) {false:Bool lrue:Bool 1false:Bool false:Bool 10:Nat Halse:Bool 1$0:Nat Inors:frmrresson 10:Nat
10:Bi1) [2083] => continue

15 phl ! m(make_rmr{flagging.lo,ctl_sframe(0,{vr mod k) fe.flagging).nwinfor, correctnotless,noabort)
reframe [2211) => continue

16 plil ! m{make_mr{flagging.from,ctl_sframe(0,(vr mod k) fc.flagging).noinfor,correctnotless, noaborz)
:eframe [2216) ==> continue

17 phl ! m{make_mnr{flagging.to.ctl_sframe(1.(vr mod k))fc.flagging).noinfor,correct notiess,noabort)
:eframe [2221] ==> continue

* 21 pil f.fleframe

[end{chkpt,and(and(eq(pf(f).$1),eq(adrs(f)10)),and(comect(f).is_rr{ges_KNN]

[or(and(or(ge(nr{f).Ju)le(ar(f),vs mod k)).luvs mod k.lu)).and(and(ge(nr(f).Ju).le(nr(f).vs mod k)),ge(vs mod k,1u))))
[1976,1746] => continue

* 22 phl Nf.fleframe
[and(is_rr(get_f(N)).and(eq(pi(0).51).eq(adrs(f).from))))
[or(and{or(geinr(f).Ju))e(nr(f),vs mod k)},lt(vs mod k.u)),and(and(ge(nr{f),lu),le(ar(f),vs mod k}},
ge{vs mod k,lu)))] [1984,1746]
* 11 [not(lbusy)] phl ! m(make_n{flagging.from,ctl_sframe(l.(vt mod k)),fe,flagging)noinfor,correctnotlessnozbort)
zeframe [1991] => continue
* 23 phl Meeframe
[not(is_valid(f})] [1193] => continue
* 24 [not(rbusy)] phl !m{make_rr{flegging.to,ctl_sframe($0,vr mod k).fe.{lagging),
noinfor,correct.notess,noabart):eframe [2068] ==> continue
* 25 [not(rbusy)) phl Im(make_rr{flagging.from,ct]_sframe($0,vr mod k),
fe.flagging).noinfor,correct,notless,noabort):eframe [2073] => continue
* 26 phl Im{make_rr{flngging,to,ctl_sframe{$1,vt mod k).fe,flagging).noinfor,comectnotless,nosbort)
:eframe [2078] => continue
* 27 [and(not(lbusy)not(reject))] phl 2{ffleframe  (27)
(and(and(correct(f),is_itget_RE)).ne(ns(f).vr mod k))] [or(and(or(ge(nr{f),lu),le(rr(f),vs mod k)).
It{vs mod k,lu)),and(and(ge(nr{f).lu),Je(nr(f),vs mod k)).ge{vs mod kJu)))] [2091,1746)
* |1phl! m{make_rej(flagging.to,ctl_sframe(0.{vr mod k))fe.flagging).noinfor.correctnoless,noabort)
seframe [2100] => continue
* 12 phl ! m(make_rej{flagging.from,ctl_sframe(0.{vr mod k) fe.flagging).noinfor,correctnotiess,noabort)
seframe [2104] => continue
* 13 phl ! m(make_rej{flagging.to.ctl_sframe{1,(vr mod k) fe.flugging)moinfor,comectniotless noabort)
:eframe [2110] => continue
* 28 [and(not(Ibusy).not(reject))] phl ? £ : eframe|(comect(f) and is_i(get_f(D)) and (({ns(f) ne (vr mod k})) and
(PN eq 1 of Bin)))]
'1 phl ! m(make_rej{flagging,from.ctl_sframe(1,(vr mod k)),fc,flagging).noinfor,correct, notless.noabort)
ieframe [2116] => continue
* 29 [not(rbusy)] phl Im{make_mr(flagging.to.ctl_sframe{$0,vr mod k). fc.flagging).noinfor,comestnotless noabort)
:eframe [2211] ==> continne
* 30 [not(rbusy)) phl Im{make_mr(flagging,from,ctl_sframe(S0,vr mod k)fc.flagging).noinfor,correctnotless,
noabort) :eframe [216] ==> continue : :
* 31 [noi(rbusy); phl tm(make_mr(flagging,io,ctl_sframe($1,vr mod k),fc.flagging).noinfor.correctnotless,
roabort) :eframe [2221] ==> continue
* 32 i (hiding: [not(reject)] t lexpired:time) [2310,538)
* 1phl! m(make_m(flagging,to.ctl_sframe(1.(vr mod k)),fc.flagging)moinfor,comect,notlessnoabort)
:eframe [2342] => continue
* | phl ! m{make_mr(flagging.to,ctl_sframe(1,(vr mod k)X fe.flagging).noinfor,correctnotless,noabort)
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seframe [2351] ==> continue
* 33 di 1dl_dis_teq:primilive [847}
* 11 phl !m(make_disc(flagging,b,ctl_uframe($1),fc.flagging).noinfor,correctnotless nosbort)
:eframe [1097,115] => continue
* 34 phl Tsframe:eframe
[and(correci(sframe),is_disc(get_{(sframe)))] [856)
* 11 m(make_ua(flsgging.from.ct!_uframe(pf(sframe)).fe,Dagging).noinfor,comect.notlessnoabort) [857) =3 continue

FRMR Tree

bh0 = 1 ph M:eframe
[not(is_valid(f))] [1185]
bhl * 11 i (enable: exit) [1186) => again bhD
* 2 phl Hieframe
(and(znd(is_valid(f)not_sbory(f)).or{and(not(is_i(get_{()).is_mforr(f)).not{corti())))] [1407)
bh2 * 11 i {enable: exit !f:eframe) [1409]
bh3 * 1111 pht Im(make_frms(flagging.var.ctl_uframe($1),var.fc,flagging).noinfor,correct notless.noabert)
:eframe {1301] => again bh(
* 3 phl M:eframe
[and(and(is_valid(f).not_sbori(f)).is_undef_ctl(ges_ctl(ger_{(()] [1412)
bhd * | 1 i (enable: exit !f:eframe) [1413)
bh3 * [11 i (enable: exit 1S1:Nat !make_reason(ctri{f),$0,var,$0,var,$1,51,51,51,50): fmrreason
Ivar:pqueue !var:pqueue Ivarpacqueue 181:Bit) {1301] = again bh3
* 4 phl M:eframe
[znd(and(is_valid(f),not_sbort(f))notvalid_nrf(f.vsJuk))] [1416]
bhé * | 1i (enable; exit I[:eframe) [1417]
b7 * 111 i (enable: exit !$1:Nat Imake_reason(etr}(f),$0,var,50,var.$1,51,51,52.$0): frrmrreason
Ivar:pquene !varpquene lvar:pacquene !$1:Bit) [1301] => again bh3
* 5 phl M:eframe
{and(and(is_valid(f),not_abori(f))hand(is_i(get_ftN).not(comr)(f))))] (1420}
bh8 * 11 i {enable: exit !f:eframe) [1421]
bh9 * 111 i (enable: exit 151:Nat !make_reason(curl(i),$0,var,$0,var,$1,51,51,51,50):frmrreason
Ivar:pquene Ivar:pqueve varpacqueue 151:Bit) [1301] => again bh3
* 6 phl 2[{.f]:eframe
{and(and(correct(f).eq(adrs(l).from)),eq(pf(f),5$1))]
[not{or{or{or(is_sabm(get_{i (D).is_sabme(get_{(D))or(is_frmr{get_f(N)is_dm(get_£N))),
is_disc(get_f(N))} [1305,1398)
bh1(* I 1 i {enable: exit) [1305,1399]
bh11* 111 phi Im(make_frmr(flagging.var,ct!_uframe($1),var.fc.flagging).noinfor,correctnotless.noabort)
:eframe [1309] => again bh0
* 7 phl ?[f.f]:eframe
[and(comect(f).or{eq(adrs(f),from).and(eq(adrs(f),to).eq(pf(£).50))))]
{not(or(or(or(is_sabm(get_f(N)is_sabme(get_fN)))or(is_frmr{get_f(N).is_dm(get_{N))),
‘ is_disc(ge1_£(D)] [1313,1398) .
bh12* 11 i (enable: exit) {1313,1398] => again bh0
* 8 phl 2[£.f):eframe
[correct())
[or(ar{is_: sabm(get_f(f))JS.nlme(aﬂ_f(f)))-ofﬁs frmr(get_f(D).is_dm(get_f(1)))] [1319,1398)
bh13* |1 i (enable; exit If:eframe) [1319,1399)
bhl4* 111 {eq(call,0)] t lreset:time [1323]
bhi5* 1111 i (enable: exirt) [1324)]
bh16“ 1111 [ox(is_sabm{get_f{f)his_sabme(ger_£(F)))] i (specified explicitly) [1329]
bh17* [11111 phl !m(make_; ul(ﬂlggmg.vu.ctl_u&une(pf(ﬂ).fc.ﬂnggmg).nomfa.m!.mllcss.mu.bon)
zeframe [1330) => continue
* 11112 [or(is_sabm(get_f(1).is_sabme(get_f(£))] i {specified explicitly) [1329]
bh18* 111111 phl Im({make_dm{flagging.var,ctl_i u&me(pf(f)).fcﬂaggmg}moml‘or.eonecmoﬂss.mabon) eframe 11334]
bh19* 1111111 pp Hermine:izrm [1335] => continue
® 11113 [and(is_dm(get_f{[)),eq(p{N.$1))] [1341] ==> bh0
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* 11114 [and(is_dm(get_f(f)).eq(pf{£).50))] i (specified explicitly) [1345]
Bh20* 111111 phl Im(make_disc{flaggingvar,ctl_uframe($1 hfeflagging)noinfor,correctnotless noabort)
:eframe [1346] => again bh101
* 11115 [and(is_dm(ge:_f(f)).eq(pf(1),$0))] i (specified explicitly) [1345]
Bh21* [11111 i (hiding: [1(0,n2)] p !$1:Nat) [1096,1150]
bh22* [111117 phl !m(make_snbm(ﬂagging.vn'.cd_uﬁmc(s1).fc.ﬂagging).nuinl'or.wﬂeamodcss.mnbm)
reframe [1097,1151] ==> continue
* 1111121 (hiding: [eq(0.n2)] p !50:Bit) [1108,1153)
bh23* 1111111 i (enable: exit Halse:Bool !falsc:Bool 1$¢1:eframe) [1109,1154) ==> continue
* 111113 [is_frmr(get_f(f)] i (specified explicitly) [1372]
bh24* 11§11 phl !m(make_dm(ﬂtgghg.vu.cd_ufmne(&ﬂ).fc.ﬂngghg).mhlfor.meamkss.mlbon):e&nnc [1374]
bh25* 1111111 pp !terminesterm [1375] => continue
* 111114 [is_frmr(get_f(f))] i (specified explicitly) [1372]
bh26* 111111 i (hiding: [it(©.n2)] p !S1:Nat) [1096,1150)

Bh27* 1111111 phl !m(makc_snbm(ﬂagging.vur.cd_ufnme(sl).fc.ﬂagging).nohfor.coﬂecx.nollus.maban)
seframe [1097,1151] => continue
* 11E 121 (hiding: [eq(0,n2)] p 1S0:Bit) [1108,1 153]
bh28® 111111 i (enable: exit !false:Bool false:Bool !$M1:eframe) [1109,1 154) => continue
* 112 [eq(call.$1)] i (enable: eait) [1327]) => again bh97?
* 9 [ok] phl ?sframe:eframe

{and(comeci(sframe),is_disc{get_{(sframe)))] [856]
* |1 m(make_va(flagging,from,ctl_uframe(pf(strame)).fi  zging).noinfor,correctnotless,noabort)
:eframe [857] => continue
* 10 i ¢hiding: t lexpired:time) [1272,549)
*11phl! m(mnke_hnr(flagging.tn.cﬂ_u.&mc(l).reasanfmu.fc.ﬂngghg).noinfor.eomnulless.mabm) [1268)
* 1111 (hiding: t Istart:time) [1269,547] => again bh0

REJ Tree

bh0 * 1 [ne({Succ(vspimod k.lu)] d) ?p:primitive
[is_dl_data_req(p)] [1664)==> continue
* 2 [ne(Succ(vsp)mod k,lu)] {and(not(chkpt).not(notwait))] phl M:eframe
[and(corrcct(f).and(nul(is__sal:m(gck_f(f))).and(nol(is_ubme(get_f(l))).lnd(mt(is,_dm(,ge(_f(t))).
and(nou(is_disc{get_f(f))).and(not(is_uafget_fi (D)and(not(is_frmr(get_f()),and(not(is_i(ger_{(D)),
and({eq(adrs(D).to),eq(piN).S1)NNMMN)] 11588)
* 11 [or(eq(n$2),eq(n,$3))] phi !rn(make_dm(ﬂagging.from,ctl_u&me(SO).fc.ﬂlgging).noinfor.mact.mtlessmonbon)
seframe [1233] ==> continue
* 12 [or(eq(n.$2),eq(n.$3))) phl !m(mllge_slbm(ﬂagging.&om.cd_u&lme(sl).fc.ﬂlggins).ncinfor.eomct.notless.noabon)
:eframe [1097,1151) ==> continue
* 13 [or(eq(n,$2).eq(n,$3))] phl !m(make_disc(ﬂagging.ﬁ’om.ctl_ufmme(sl).fc.ﬂlgging).noinfor.oorrecmot!ess.mabon)
:eframe [1097,1151] ==> continue
* 3 [ne(Succ{vsp)mod k.Ju)) phl 2:cframe
[and(cotrect(f),or(is_sabm(get_f(N).is_sabme(get_f(N))] [1596)
* 11 [eq(n.$2*52)) phi !m(make_ul(ﬂagging.from.ul_uframe(b).fc.ﬂagging).minfor.wnmol]ess.mnbon)
:eframe [1253) => continue
* 12 [eq(n,52*52)) phl Irn(make_dm(ﬁagging.m.cu_u&me.(b).fc.ﬂ:gghg).mhfw.munouess.noabon)
:eframe [1258) ==> continue
* 4 [ne(Succ{vsp)mod k,lu)] phi ?f:eframe
[and(correcy(f).or(is_ua(get_f()is_dm(get_KN))) [1603)
* 11 [or(eq{n.52)eq(n,$3))] phl !m(mlkc_dm(ﬂagghg.fromctl_u&um(&ﬂ).fcﬂngging).ncinfor.oomoﬂm.rmbcn)
teframe [1233]) => . ‘
* 12 [or{eq(n.$2),eq(n,53))] phl lm(mnke_sahn(ﬂagging,ﬁum.al_u&une(ﬂ).fc.ﬂagging)a;oinfcr.cmmmodusmmbon)
:eframe [1097,1151] ==> continue
* 13 [or{eq(n,$2),eq(n,$3))] phl lm(mnkc_disc(ﬂagging.ﬁnm.ﬁl_u&une(ﬂ).fc.[llgghg).noinfor.comct.mﬂess.nonbon)
seframe [1097,1151] ==> continue o
*5 [ne(Succ{vsp)med ku)) phl ?f:eframe
[End(lnd(iS_Vllid(f).nm..lhon(f)).OI(N(ﬂDl(iS..i(Sﬂ_f(D))JS_NOH(D)Jiol(corﬂ(ﬂ)))] (1407)
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* |1phi! m(r-.akc_ﬁxm(ﬂngging.lo.cd_u&nne(l).remnhnu.fc.ﬂlgghg),minfm.mmod&muhon)
:eframe [1268) => continue
* 6 [ne(Succ(vspimod k,lu)] phl ?f:eframe
[and(and(is__va.lid(f)mol_cbon(f)).is_m'ndef_cl!(gct_cﬂ(gel_f(f))))] [1434] -
* i1ph! m(makc_&nu(ﬂngging.w.cd_uﬁrme(l);usmﬁnu.fc.ﬂagging).noinfur.conac:.mﬂusmoabon)
:eframe [1268] ==> continue
* 7 [ne(Succ(vsp)mod klu)] phl ?f:eframe
[md(md(is_vaﬁd(ﬂmo!_abu’t(i)).mwl.lid_m'f(f.vs.lu,k))] [1412]
* |1phl! m(mnke_ﬁ-:m{ﬂ:gghg.lo.cﬂ_nﬁune(l).reasm&nu.fc.ﬂngging).noinfor,conecnmﬂcss,noabon)
:eframe [1268]) ==> continue
* 8 [ne(Succ(vspmod kJu)] phl M:cframe
[lﬂd(uﬂ(is_\'llid(0JIOI_IbOﬂ(f))-mﬂ(is_i(sﬂ_f(ﬁ)-ﬂﬂ(wn’l(f))))] (1416)
* |1phl! m(nuke_&nu(ﬂlgging.m.ctl_uﬁune(l).msonﬁrmld%ghg).minfm.meamﬂ:ss.mxbon)
:eframe [1268] ==> continue :
* 9 [ne(Succ{vspimod k.lu)] phl ?feframe
[and(correct(f),is_frmr(ge1_{(£})))] [1420)
* |1 [or(cq(n.S?),eq(n.ﬁ))] Phl !m(make_dm(fl ngghgﬁnmul_uﬁmﬂ%}fcﬂlsxins)mhfor.mmollss.mabon)
eframe [1233
* 12 [or{eq(n,$2),eq(n.$3))] phl !m(makc_snbm(ﬂagghg.ﬁomcl]_u&me{b).fc,ﬂaggins).minfor.correc!.notlessmoabon)
:eframe [1097,1151] ==> continue
* 13 [or(eq(n.$2).eq(n.$3})] phl !m(mnke_disc(flagging.ﬁom.cﬂ_uﬁune(b).fcﬂagging)mninfor.mmoﬂss.mabon)
:eframe [1097,1151] ==> continue ‘
* 10 phl 2f.fleframe
{and(eq(pf(f).50),and(correcy(f).is_mr(get_{:H))]
[or(and(or{ge(nr(f).lu)le(nr(f).vs mod k)).li{vs mod k,lu)).and(and(ge(nr(f)lu)le(nr(f),vs mod k)).ge(vs mod k.lu)))}
[2231,1546] => continue
* 11 phl Xf,fJeframe
[and(chkpt.and(md(eq(pf(t).sl).ﬂq(adrs(f).m)).and(correc!(l).is_nu(gu__f(t)))))]
[or{and(or(ge{nr(f).lu).le(nr(f),vs mod k)),It(vs mod k.lv)},and(znd(ge(nr{f)Ju),le(n{),vs mod k)),ge{vs mod k,Ju)))]
[2239,1546) => continue
* 12 phl %f fleframe
(and(and(eq(pf(f).$1).eq(adrs(f).from)),and(cerrect(f), is_mr(get_f()))]
[or(and{or(ge(nr{).}u),le(nr{f),vs mod k)),1t(vs mod kilu)).and(and(ge{nr{f),lu).le(nr{f),vs mod k)),ge(vs mod kJu))]
[2247,1546]
* 11 phl ! m(make_rr{flagging.from.ctl_sframe{1,(vr mod k)).fc,flagging).noinfor,comect notess nosbort)
s eframe [2261] ==> continue
* 12phi! m{make_rej(flagging,from,ctl_sframe(l,(vr mod k) feflagging) noinfor,correctnotless,noaborn)
teframe [2265] ==> continue
* 13 phl ! m{make_iframe(flagging,to,ctl_iframe(vs,$0,vrmod k).packe{firstone(qdls)).fe.Nagging),
noinfor,correctnotless,noabort) :eframe
[and({not(isempty(qdls)).noi(tbusy))] **false** [1679]
* 14 phl !m(make_iframe{N2gging to,c1]_iframe{vs,51,vr mod k).packe(firsione(qdls)).fe,flagging),
infor,correctnotless noabort):aframe
[and(not(isempry(qdis)).not(rbusy))] **false** [1697]
* 15 phl Y{f.fleframe
{and(is_rej(get_f(f).eq(pf(£),$0)))
{or(and(or(ge(nr(f).lu)le(nr().vs mod k)).J(vs mod k.lu)),and(and(ge(rr{f.lu)lefnr{f),vs mod k))ge(vs mod k.Ju)))]
[2155,1746] => continue
* 16 phl %f,{]eframe
[and(chikpt.and(and(eq(pf(f),51).cq(adrs(f),to)),and(comrect(f), is_rej(get_FDN)]
(or(and(or(ge(nr(f)Ju)le(ns(f),vs mod k)),kt(vs mod k.lu)).and(and(ge{nr(f}.lu).le(nr(f).vs mod k)),ge(vs mod k.In)))]
(2163,1746] ==> continue :
* 17 phl 2f fleframe
{and(is_rej(get_{(F)).and(eq(pf(f),$1).eq(adrs(f),from)))}
{or(and(ar(ge(nr(f),lu)le(nr(f),vs mod k)),lt(vs mod k.Iu)),mnd(and(ge(re(f)u)Je(nr(f).vs mod k)).ge{vs mod k,Ju)))]
[2171,1746) .
* 11phl! m(make_rr(flagzisg,from,ctl_sframe(1,(vr mod k)),fc,flagging).noixfor,correct,notless,noabort)
:eframe {2183] ==> continue
* 12 phl ! m(make_rej(Qagging.from.ctl_sframe(1,(vr mod k)),fe.flagging),noinfor,correct notless,noabort)
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eframe [2187] ==> continue
* 18 [not(busy)] phl 2[{.fleframe
[and(eq(pf(f).50).and{correct(f).and(is_i(get_f(f)).eq(ns(f),vr mod k))))]
[or{and(or(ge(nr{),lu),le(nr{f).vs mod k)),li(vs mod klu)).and(and{ge(nr(f),Ju),le(nr(f),vs mod k)),ge(vs mod ko))l
[1756,1746]
* 11 phl! m(make_iframe(flagging.to,cl_iframe(vs,0,(vr mod k)).packe{firstone{qdis)).fe.flagging),
noinfor,comrectnotless,noabort) [noiisempty(qdis)) and not(rbusy)] [1679] => continue
* 12 phl ! m(make_rr{flagging,from,ctl_sframe(0,((vr + Succ(0)) mod k).t flagging).nomnfor,correct.notless nosbort)
[2068] => continue
* 13 phl ! m{make_mr{flagging.from,c1l_sframe(0,((vr + Sucef{0)) mod k))fe.flagging)noinfor,comrectnotless, nosbort)
[2211] => continue
* 19 fnotlbusy)] phl ?{ffleframe
[and(eq(pK(1),51),and(comrect(f),and(is_i(zet_f(D)).eqms(f).vr mod k))))
Eg;(&ﬂd(;ﬁe(m(ﬂ.lﬂ).lc(m(ﬁ.vs mod k))Ji(vs mod k.Ju)),and(and(ge{ns(f),lu).Je(nr(f},vs mod k)).ge(vs mod k1u)))]
64,1

* 11 phl ! m{make_mr(flagging.from,ct_sframe(1,{(vr + Succ(0)) mod k))fe.flagging)noinfor,correctnotless,nosbort)
{1769] => continue

* 12 phl ! m{make_mr(flagging.from,ct}_sframe(1,((vr + Succ(0)) mod k) fe flagging).noinfor,comectnotless,noabort)
seframe [1774] ==> continue
* 20 phl i fleframe
(and(is_rr(get_£(F)),eq(pf().50))]
[er(and(or(ge(nr{f). ) le(re().vs mod k)),1t{vs mod k.1u)).and(and(ge(nr(f).lu),le(nr(f),vs mod k)).ge(vs mod kIu))
[1968,1746] => continue )
*21 phl ?{.fleframe
{and(chkpt.and(and(eq(pf(f).$1).eq(adrs(fto)).and(correct(f.is_rr(ges_{(ONN)]

[or{and(or(ge(nr(f).lu), le{nr{f),vs mod k)).li(vs mod ku))end(and(ge(nr(f),lu),le(nr(N),vs mod k)),ge(vs mod k.lu))))
[1976,1746] => continue

¥ 22 phl Y{f.Meframe
[and(is_rr(get_f(f)).and(eq(pi(f).$1),eq(adrs{f),from))))
{or(and(or{ge(nr(f),lu)le(nr(f),vs mod k)),1i{vs mod k.lu))and(end(ge(nr{f)Ju),le(ur(N.vs mod k)),ge{vs mod k.lu)))
[1984,1746)
* 11 phl ! m(make_rr{flagging.from.ctl_sframe(1.(vr mod k)).fe,flagging).noinfor,correctnotless,noabort)
:eframe [1996] => continue
* 12 phl ! m(make, rej(flagging.from,ctl_sframe{1,(vr mod k) fe.flagging).noinfor,comrectnotless,nozbon)
seframe [2000] => continue
* 23 phl 2ieframe
[not{is_valid())] [1193] => continue
* 24 [reject] phl ?[f.fleframe
[and(and(and(comrect(f).is_i(get_Kf)).(nems{f).vr mod k))).eq(pf(f).0N)
[or(and(or(ge(nr(f},lu),le(nr(f),vs mod k)),1(vs mod k.lu)),and(and(ge(nr{f).lu))e{nr{f),vs mod k)},ge(vs mod klu))}
[2121,1746) ==> continue .
*25 [reject] phl ?[f {Jeframe
[and(and(and(correct(f).is_i(get_f(N)).ne(ns(f),vr mod K)heq(pf(£).1))]
[or(and(or{ge(rr (M), lu),)e(nr{f),vs mod k)).It((vs mod kJu))and(end(ge(nr(f).Ju),le(ar(f).vs mod k)).ge(vs mod k.1u))))
[2130,1746])
* 11 phl ! m{meke_rej(flagging,from,ct_sframe{1.(vr mod k))fe.flagging)noinfor,correct,notless,noabort)
* 26, i (hiding: [(reject)) t lexpired:time) [2310,538]
* 11 phl | m{meke_rej(flagging,to,ctl_sframe(}.(vr mod k)).fc.flagging).noinfor,correctnotless,noabart)
seframe [2359] ==> conlinue
* 27 di 1dl_dis_req:primitive [847)
*|1phl lm(mnke_disc(ﬂngging.b.cl]_u&une(S]).fc.ﬂagging).noinfor.mect.noﬂssmoabon)
:eframe [1097,115] ==> continue
* 28 phl 7stramezeframe
[md(conecl(sfnme).is_,disc(gcl._f(sfnme)))] [856] :
B rn(make_un(ﬂngging.ﬁ'omcd_ufnme(pf(sﬁ'me)).fqﬂagghg).minfor.mecmoﬂcss.no;hon) ,
seframe [857] ==> continue

»
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RNR Tree

* 1 Ine(Succ(vsp)mod k,!u)] [end{not(chkpt)noi(notwait))] phl H:cframe
[and(conect(i).and(not(is_sabm(ge:_f(l))).md(not(is_nbme(ge: _I(f))).md(nol(is_chn(gc!_f(ﬂ)).md(noL(
is_disc(sﬁl..f(f)))-ﬂnd(ﬂot(is_u(sﬂ_ﬂf))%md(ml(iS_ﬁ'ﬂﬂ(sﬂ_f(D))-md(m!ﬁs_i(sel...f(f)))-lﬂd(eq(adrS(f).m).
eq(pf(D.S10NNN)) [1588)

* 11 [or(eq(n,$2)eq(n,53))] pht !m(m:ke_dm(ﬂagging.ﬁomcl],uﬁ:mrﬁﬂ).fc.ﬂagging)noinfor.com,noLlss.mabon)

seframe [1233] ==> continue

12 [or(eq(n,$2).eq(n.$3))) ph !m(mlkc_sabm(ﬂngghg.ﬁ-nmu!_u&nmc(sl)..'&ﬂlgging).lloinfor.cormct.notless.nmbon)
:eframe [1097,1151) ==> continue

13 [or{eq(n,52).eq(n.$3))] phl !m(mnkc_disc(ﬂngging.fmmd]_ufrme(ﬂ).fc.ﬂagging).noinfot.corrcct.mﬂessmoabon)
teframe [1097,1151] ==> continue
* 2 [ne(Succ(vsp)mod k,lu)] phl 7f:eframe

[and(correct(f),or(is_sabm(get_f(f)),is_sabme(ges_{(D))] [1596)
* 11 [eq(n,$2°52)] phl !rn(mnkc_ua(ﬂlggh:g.&omcu,ufnmc(b).fc.ﬂauhg)moin.for.eonacumlcss.noabon)

:eframe [1253} ==> continue
* 12 [eq(n,$2*52)] phl Im{make_dm(flagging.io,ctl_uframe(b)fe.flagging)noinfor,correctnotless noabort)

seframe [1258] ==> continue
*3 [ne(Succ(vsp)mod k.Ju)] phl ?f:eframe

[a'nd(co:racl(l).or(is_u.a(ge:_l'(f)).is_drn(gel_f(f))))] [1603] => continue
* 11 [or(eq(n.52),eq(n.5$3))] phl !m(ma.kc_dm(ﬂagging.fmm,clI_uframe(SD).fc.ﬂagging)noi:ﬁor.oomnoﬂss.mnbon)

:eframe [1233] ==> conlinue
12 [or(eq(n.52),eq(n.53))] phl Im(make_sabm(flagging, from,cil_uframe($1 hieflagging)moinfor.comectnotess,nosbort)
:eframe [1097,1151] => continue
* 13 [or{eq(n,$2).eq(n.$3))] phl !m(make_disc(ﬂagging.&omcd_u&lme(sl).fc,ﬂlgghg).noinfm.conacl.mllessmoabon)

seframe [1097,1151] => continue
* 4 [ne(Suce(vsp)mod k,lu)] phl H:eframe
[and{a.nd(is_vnlid(f)mot_nbon(f)).or(md(mx(is_i(gel_f(f))).is_inforr(mmol(corﬂ(i))))] [1407)

* |1phl! m(make_&mr(ﬂag::ing.lo.ctl_ufmne(1).ruscnﬁnu.fc.ﬂngging).noinfor.correct.notlessmonbon)
eframe [1268] ==> continue

* 5 [ne(Succ{vspymod k.lu)] phl ?f:eframe
[and(and(is_valid(f).not_abort(f)},is_undef_ctl(get_cti(ger_f(N))] [1434)

* []1phl! m(make_&mr(ﬂagghg.to.cﬂ_n&une(l).reasonfmu.fc.ﬂagging).minfcr.comct.nnt]cssmoabon)
seframe [1268] ==> continue

* 6 [ne(Succ{vspimod k.lu)] phl 2f:eframe
(and(and(is_valid(f),not_abori(f)).notvalid_nrf(f,vs,uk))] [1412)

* 11 phl I m(make_frmr(flagging,to,ctl_uframe(l ).masnn.&nu.fc.ﬂagging).noinl'or.cnmct.nol.less.mnbon)
:eframe [1268) ==> continue

* 7 [ne{Succ(vsp)med k.lu)} phl H:eframe
[md(and(is_valid(f).not_aborl(f)).md(is_i(get_l‘(m.nol(conl(f))))] [1416) => continue
* llphl! m(make_t‘unr(ﬂaggi.ng.lo.cﬂ_u&une(l)msonﬁm.fc.ﬂagging)mohfor.mecnmﬂess.noabon)
ieframe [1268] ==> continue
* 8 [ne(Succ{vspimod k,u)) phl ?:eframe
[and(correcu(f),is_frmr(ge_f(1)))] [1420]
* 11 [or(eq{n,$2).eq(n,$3))] phl lm(mnke_dm(ﬂngging.ﬁom.cﬂ_uﬁame(m).fc.ﬂagghg).minfor.oonecmotlessmoabon)
:eframe [1233] continue
* 12 [or{eq(n.52),eq(n,53))] phl !m(make_nbm(ﬂlgging.ﬁ'omcﬂ_ufmne(b).fc.ﬂagging)mohfor.mrrect.noﬂusmoabon)
:eframe [1097,1151] => continue
* 13{or(eq(n.52).eq(n.53))] phl Im(make_disc{flagging,from.ctl_uframe(b).fc.flagging)noinfor,comectnotless nosbort)
:eframe {1097,1151} => continue
*9 phl 2[f,{Jeframe
(and(eq(pf(f).50),and{correct(f).is_mr(get_f(F))))]
[or(and(or(ge{nr(Dylu).Je(ar(f).vs mod k)),kt(vs mod k,lu)).and(and{ge{nr(f),lu),le(nr(f),vs mod k)).ge(vs mod kJu))] -

*

[2231,1546} => continue
* 10 phl ?[f,fjeframe
[and(chkptand(and(eq(pK(1),51),eq(adrs(f)to)).and(correct(f),is_mr{get_{(D)N]

(or{and(or{ge(nr{f),lu),le(nr(f).vs mod k)).l(vs mod k.Iu)),and(end(ge(nr(f),Ju).Je(nr(f),vs mod k)).ge(vs mod k,Iu)))) |
[2239,1546) ==> continue ‘
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* 11 [ok] phl 7(f.f]eframe
[and(and(eq(pf(1).$1)eq(adrs(D), from)),and(correct{f).is_rnr(ges_f(N))))]
for(and(or(ge(nr(f),lu),e(rr{f),vs mod k)},It{vs mod klu)).2nd(and(ge(nr(f),lu)le(nr(f),vs mod k)),ge(vs mod klu))]
(2247.1544]
* 11 [(Ibusy)] phl ! m(make_rar(flagging,from,ctl_sframe(1.(vr mod k))fe.flagging),noinfor,comrect,notless,noebort)
ieframe [2271] => continue
* 12 phl Im(make_iframe(flagging.to,ctl_iframe(vs.$0.vr mod k),packe(firstone(qdls)).fc.flagging),
noinfor.correct,notless noabort):eframe [and(not(isempty(gdls)).not(rbusy))] **false®* (16791
* 13 phl !m(make_iframe{flagging.to.ct]_ifram<vs,$1,vr mod k).packe(firstone(qdls)),fe.flagging),
infor.correctnotless noabort):efras;e [and(not(isempty(qdls)).not(rbusy))] **faise** [1697)
* 14 phl Yf.fleframe
[and(is_rej(get_(())1eq(pH(D.S0)))
lor(and(or(ge(nr(f).lu).Je(rr(Fivs mod k), It(vs mod klu)),and{and(ge{nr(f).lu).le{ar(),vs mod k)).ge{vs mod k,1u))))
{2155,1746] => continue
* 15 phl Nf.fjeframe
{and(chkpt,and(and(eq(pf(f)$1 ).eq(adrs{f),10))and(correct(f).is_rej(get_{{f))))]

[or(and(or(ge(nr(f),lu) Je(nr(£),vs mod k)),1t{vs mod k,lu)).and(and(ge(nr{f),lu}.le(nr{f).vs mod k)),ge(vs mod k)]
[2163,1746] => continue

* 16 phl 7[f.fleframe
(and(is_rej(get_f(1).and(eq(pf(f).$1).eqfadrs(f).from)))
[or(and({or(ge(nr(D.Iu))e(nr(f),vs mod k)).1t{vs mod k.lu)),and(end(ge(nr(f),lu),le(nr(f),vs mod k)).ge(vs mod k,ln))))
[2171,1746] .
* 11 phl ! m(make_mr(flagging.from,ctl_sframe(l (vr mod k))fe.fiagging)noinfor.comrectnatless,nosbort) °
:eframe [2194] ==> continue
* 17 phl ?[f.fleframe
[(correck(f) and is_i(get_f(D))) and ((pfi) ne 1 of Bit) and (ns(f) eq (vt mod k))))
[or(and(or(ge(nr(f),Ju)le(nr(f),vs mod k)),J¢vs mod k.lu)),and(and{ge(nr{f).u),le(nr{f),vs mod k)).ge(vs mod k,lu))))
[1918,1746] => continue
* 17 phl 7L feframe
[(correck(f) and is_i(get_f(f))) and ((pf(f) e 1 of Bit) and (not(ns(f} eq (vr mod k))))]
(or(and{or(ge(nr{f),lu),Je(nz({f).vs mod k)).lt{vs mod k.lu)),and(end(ge{nr(f),lu),le{nr(f),ve mod k)).ge(vs mod k,lu)))]
[1924,1746])
*11phl! m(i’mkc_mr(ﬂagging.ﬁnm.cll__s[ra.mc(ﬂ.(vr mod k)),fc,flagging).noinfor,correct.notless,noabort):
eframe  [1929] => continue
* 18 phl 7[f.fleframe
[(correcy(f) and is_i(get_f(N))) and ((p(D) ¢q 1 of Bit) and (ns(f) eq (vr mod k))) [1933,1746)
* 11 phl | m(make_mr(flagging.from,ctl_sframe(1,(vr mod k)).fc.ﬂagging).noinfor.eomct.noﬂss.mabm)
teframe [1938] ==> continve
* 19 phl Y{.fleframe
{and(is_rr(get_f()).eq(pf(D).50)))
[or{and(or{ge(nr(f).lu),le(nr(f),vs mod k), 1{vs mod k,1u)),and{and(ge(nr(f),lu)le(nr{f).vs mod k)),ge(vs mod k,1u)))]
[1968,1746) ==> continue
* 20 phl [f.f]eframe
[and(chkpLand(and(eq(pf(f).$1),eq(adrs(f),to)).and(correcy(f).is_rr{get_{(ONN)
[or(and(or(ge(nr(f),lu),le(nr(f),vs mod k)),li(vs mod k.lu)).and(and(ge(nr(f).lu)Je(nx(f).vs mod k)),ge(vs mod A1)
[1976,1746] => continue
*21 phl Y[f.fleframe
(and(is_rr(get_{(f)),and(eq(pf(£),$1),eq(adrs(f).from))))
[or(and(or(ge(rr(f)Ju)le(nr(f),vs miod k)),Ivs mod k.Iu)),and(and(ge(nr{f).lu),Je(nr(f),vs mod k)),ge(vs mod kJu}))]
[1984,1745) ,
* 11 phl I m(make_tnr(flagging.from.ctl_sframe(1,(vr mod k)hfe.flagging)noinfor,correctnotless,noabort)
:eframe  [2006] => continue ‘
* 22 phl Mieframe
[not(is_valid((})] [1193] ==> continue
* 23 i (hiding: [nok(reject)] t lexpired:time) [2310,538)
* 11 phl ! m{make_mr{flagging to,ctl_sframe{1,{vr mod k)).fc,flagging).noinfor,correctnotless,nozbort)
:eframe [2342] => continue _
* 1ph! ! m(make_rnr(flagging,to,ctl_sframe(1,(vr mod k)).fe.flagging).noinfor,comectnotless,nosbort)
seframe {2351) ==> continue
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*24 dl1dl_dis_req:prirnitive [847]
*i1phl !m(make_disc(ﬂagging.b.cxl_u&amc(s1).fc.ﬂagging)muhfor.wmcu\odssmnbon)
teframe [1097,115] => continue
* 25 phl ?sframe:eframe
[and(correct(sframe).is_disc(get_{(sframe)))] [856)
* 11 m(ma.ke_ua(ﬂlgghg.from.cll_uﬁ'me(pf(s&ame)).fc.flagging)moinfor.currect.nolless.noabon)
:eframe  [857]) => continue

LINKDISC Tree

bhO * 1 i (hiding: [It(initn2)] p !Succ{0):Nat) [1096,1150]
bhl * 11 phl !m(make_disc(flagging,b,ctl_uframe($1).fc.flagging),noinfor.comrect nolless,noabont):eframe [1087,1151)
bh2 * 111 i (hiding: t {startime) [1098,547]
bh3 * 1111 i (specified explicitly) {548]
bhd * 11111 i (hiding: ¢ lexpired:time) [1100,549]
bh3 * 111111 i (enable: exir) [1100]
bhé * 1111111 i (hiding: [(initn2)) p 1Suec(0):Nat) [1096,906,931,956,992,1027)
bh7*[111ki11 phl !m(makc_disc(ﬂagging.b.cd_u&me(Sl).fc.flagging).nohfor.coxmct.mdessmoabon)
:eframe [1097,907,932,957,993,1028] ==> again bh2
* 11111123 (hiding: [eq(initn2)] p 10:Bit) [1108,1153)
bh8* 11111111 exit false;Boo] !false:Bool $f1 ** EXIT SUCCEED ** [1109,1154,550)
bh9 * 1112 ph) [ fram.sframe,f,f.f,fleframe
[and(corre.c:(sframe).or(is-sabm(ge:-f(sfmne)).or(or(is-disc(gct-f(sﬁ'lme)).md(is-u:(get-f(s&ame)).
eq(pl(sframe),1))),and(is-dm(get-f{sframe)).eq(pfsframe), 1))
{and{comreci(f),and(is-ua(get-£(5)).eqpf().1)))]
(not(and(correct(f).and(is-dm(get-f(F)).eq(pf(f).1))))
[not(and(mnecl(ﬂ.or(is-nbm(gel-f(f)).is-sabme(gel-f(f)))))]
[not(and(correct(f)iis-disc(get-i()))] [1127,882,921,938,979,1000)
* L1111 i Chiding: pp 10:Nat) [1113,890,922,941,983,1003)
bht0* 1111111 i (hiding: t Ireset:time) [1114,552)
Bh11* 1§11 1 exit ltrue:Bool !alse:Bool 1$f1:eframe ** EXIT SUCCEED ** [1115,891,917,942,984,1004,553)
* 1113 phl [ fram,sframe, 65§, (leframe
[and(corw:t(sfmne).w(is-ubm(get-f(sﬁ'lme)).or(ot(is-disc(get-f(sfmne)).md(‘wus(gcl-f(sﬁ'une)).
eq(pl(sframe),1))).and(is-dm(get-f{sframe)),eq(pfsframe), 1))
{not{and(correc(f).and(is-ua(ger-£(f)),eq(pKf),1)))
[and(correct(f),and(is-dm(get-K D)) eq(pf(H.1)))
[not(and(correct(0.or(is-sahm(get-f(ﬂ).is-:abme(get-f(f)))))]
[not(and(comrect(f).is-disc{get-£(1)))) [1127,882,913,945,979,1000]
* 1111 1 i (hiding: pp 10:Nat) [1113,890,916,947,983,1003)
bh12= 111i111 i (hiding: t Ireset:time) [1114,552]
bh13* 1111111 exit {rue:Bool Ifalse:Bool !$f6:eframe ** EXIT SUCCEED ** [1115,891,917,948,984,1004,553]
* 1114 pht % fram,sframe,f.ff.fJeframe
[and(correct(sfrme).or(is-sabm(gct-f(sﬁune)).or(or(is-disc(gel—f(sﬁ'une)).lnd(is-un(gel-f(sfmne)).
eq(pi(sframe),1))),and(is-dm(get-f(sframe)).eq(pf(sframe),1))))))
[not(and(correct(f)and(is-ua(get-f(f)Leq(pf(f).1)))]
{not(and(comect(f).and(is-dm(get-f(£)).eq(pf(N,1))))
[not(and(correct(f).or(is-sabm(get-K(D).is-sabme(get- KON
[and(correct{f),is-disc(get-Kf)))] [1127,882,913,938,979,1007]
* 11111 i {enable; exit {rue:Bool bn(mlke_disc(ﬂlgghg.b.cll_uﬁ'une(ﬂ).fc.ﬂlgging).noinfor.wneu.mﬂess,mabon)
:eframe) [1008] '
* 11111 (hiding: [eollis(m(make_disc(ﬂagging.b.ctl_u&me(ﬂ).fc.ﬂagging).nohxfor.cmacl.nollamoabon),
m(mlke_ubm(ﬂagging'.b.cll_u&ame(ﬂ).fc.ﬂngging).mhfor.eorrecl.noﬂessmabon))l
" pp 151:Nat) [1118,890,516,941,983,1035}
bhid* 111111 i (hiding: t Ireser:time) [1119,552)
bh15* [1111111 i (hiding: p 1$0:Nat) [1120,900,925,950,986,1036) ‘
bh16* 111111k 1 phl !m(make_ua(flagging.a.ctl_uframe(1),fc,flagging)noinfor,correctnotless,noabort)
:eframe [1121,901,926,951,987,1037] => continue
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* 115 phl 7 framsframe f,f.f, flefreme

[a.nd(ccrrccl(sfnme),ot(u-sahm(gcl-f(sﬁ'amc))m(or(is-disc(gﬁ-f(sﬁ'unc)).md(is-ua(gel-f(s&me)).
eq(pf(sframc),1))),and(is-dm(get-Rsframe)).eq(pfisframe), 1)))))]

{not(and(comrect(),and(is-va(get-f(H)eq(pf(f),1))))]
[not(and(correct(f).and(is-dm(get-f(D))eq(pf(f).1))))]
[and(correcy(f),or(is-sabm(get-f(1)),is-sabme{get-£()))]
[not(and{correct(f),is-disc{get-(N)) [1127,882,913,938,964,1000]

* 11111 i (enable: exit 1false:Bool !m(make_ubm(ﬂagging.b,:tl_uﬁ'ame(SI).fc.ﬂngging).mhtfor.wm:uwuumoahon):

eframe) [965]
Bh14* 111111 i (hiding: pp 151:Nat) [111%,890.916,941,968,1003]
* LT i (hiding: t lresevtime) [1119,552)
* I § (hiding: p 1$0:Nat) [1120,900,925,950,969,1021]
bh15* 111111111 phi Im(make_dm({lagging,a,ctl_uframe(1),fc,lagging)noinfor,correctnotless,nosbort) :
eframe [1121,901,926,951.970,1022]

* T exit Toue:Bool Malse:Bool IS8 ** EXIT SUCCEED ** [1122,902,927,952,971,1023,550]

* [116 phl [fram f.f,sframe.f,fleframe
[noL(a.nd(oonecl(f).or(is-ubm(gct-l‘(ﬂ).is-ubme(gel-f(f)))))]
[not{and(correct(f),is-disc(get-f(f)))]
[not(or(and(correct(sfmne).is-sabm(gu-f(sﬁ'nmc))).or(is-disc(gel-f(sframe)),or(md(is-ua(gct-f(sﬁxme)).

eq(pf(sframe), 1)), and(is-dm(get-f{sframe)),eq(pl(sframe),1 mn

[nol(a.nd(correct(t).and(is-ua(get-f(i)).eq(pf(l'),1))))]
[nm(and(corrcct(t).and(is-dm(gel-f(t)).eq(pltf).l))))] {1127,895,913,938,979,1000) => again bh9
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