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Chapter 1

Introduction

1.1 Motivation

In spite of many years’ effort to improve software quality, much work still needs to
be done to develop more effective software inspection approaches.

People always experience more difficulties when inspecting concurrent software.
This is because many things are happening at the same time in concurrent systems,
making it easy to overlook some of the possible event sequences. Consequently, in
spite of detailed review and analysis, the programs are often wrong. Many
verification techniques can be deployed to check program’s correctness, however,
they often make simplifying assumptions that are not valid for real programs. For
example, although model checking can be used to verify a concurrent system, the
checking algorithm usually only deals with fixed point cases, leaving many practical
problems out of the application scope. Therefore, there is a need for a sound and
systematic inspection procedure, supported with appropriate computer-aided tools,
which is able to account for all cases and possible event sequences during inspection

and review.

This thesis proposes a systematic, rigorous approach to inspecting concurrent
software. It is built on a foundation of mathematical relations that describe program
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Chapter 3 provides an overview of concurrent programs, and explains the concept of
executing concurrent programs. Synchronization mechanisms are introduced with
emphasis on the semaphore concept. The von Neuuman’s Principle (program state
and data state are interchangeable) is briefly explained with a special focus on the
treatment of concurrency.

Chapter 4 describes the basic inspection concepts of both sequential and concurrent
programs. The use of tabular notation based on the principle of “divide and
conquer” and the program-function table are explained in detail.

Chapters 5 - 8 demonstrate our approach and the applicability of the technique by
applying it to a classic example in concurrent programming. Techniques for

performing the inspection given the requirement/implementation of the program are
presented.

Chapter 9 presents the conclusions from this research project and discusses possible
future work.



Chapter 2

Tabular Expressions

The importance of precisely documenting software products is widely recognized
and understood in software engineering. Mathematical notation, allowing for precise
and rigorous documentation, is highly recommended to describe the requirements
and behaviors of software systems [49]. However, using conventional mathematical
notation to document real software products often results in function descriptions
that are complex, lengthy, and hard to understand [44]. Consequently, the
mathematical notation is commonly used in academic papers but is very rarely used
in industry due to the associated complexity.

In 1977, based on practical experience, Parnas et al. [44][47][50][52] proposed the
use of multi-dimensional mathematical notations, called tables, to represent
mathematical functions and relations in documenting software systems. This method
has proven very useful for precise and concise documentation and inspection of

software systems.

This technique was first developed in the documentation for the United States NRL
A-T7E aircraft project [59] in the late 1970s. The shutdown system of the Darlington
Nuclear Power Generation Station in Ontario, Canada is another example of this
technique’s application. In this work, tables were used to conduct thorough
inspections of safety-critical programs, in which numerous discrepancies were found
and required correction [48].
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the table is complete with no overlapping, makes the process of inspection much

easier.

2.2 Basic Concepts

Tables are multi-dimensional expressions constructed from simpler components,
including conventional expressions and grids [44]. The main grids and header grids
are indexed by sets of cells that contain predicate expressions. Cells in grids can
consist of tabular expressions, when useful.

For example, a typical table shown in figure 2-1 (taken from [30][44]) consists of a
main grid G and header grids H1, H2, which are subdivided by cells containing

predicate expressions:

y=10 y>10 y<I10
x20 0 y2 -y2
H, x<0 X x+y X-y

Figure 2-1 A Typical Table

H,

Each table is equivalent to a conventional mathematical expression [44], and thus
can be treated as an expression. The above table describes an expression in the

liberal mathematical notation shown below:

0

fix,y) = y

ifx20Ay=10
ifx<0Ay=10
ifx20Ay>10
ifx=0Ay<10
ifx<0Ay>10
ifx<0Ay<l10
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Using classic predicate logic, the equivalent expression is given as follows:

(Vx, (Vy, (x20Ay=10)=f(x,y) =0) A((x <0 Ay =10) = f(x,y) =x) A
(x20Ay>10)= fxy)=y) A (X2 0 Ay <10) = f(x,y) =-¥) A
((x<O0Ay>10)=2f(X,y)=x+tyY)A(x<0Ay<10)= f(x,y)=x-¥))

Figure 2-2 The Equivalent Expression for Table in Figure 2-1

Detailed and formal discussions of tabular expression and its definitions can be
found elsewhere [28][30][39][{44]. This thesis explains and uses only one of the
table types, the program-function table.

2.3 The Program-Function Table

A program-function table is essentially a mixed-vector table [44]. To explain this
concept, we consider a simple example problem: describing a program that finds the
maximum of two positive values stored in program variables, and assigns the value

Jfalse to a flag when they are equal. Figure 2-3 is a description of the program using a
program-function table.

Lx >‘y ‘x =‘y ‘x< Gy
strictmax’ | strictmax’ = ‘x true strictmax’ = ‘y
find’ = frue Salse true ANC'(x,y)

Figure 2-3 An Example of Program-Function Table

' The NC symbol stands for Not Changed ([44]), and is used to express the fact that some variables do not
change their values during the execution of a program: NC(Vy, ..., Vi) & (V) ='V)) A .. A (V' = V)

8
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Disjointness of a Program-function Table:

This property requires the conjunction of pair-wise column header expressions be
JSalse for the whole header of the table, i.e. the columns of the tabular presentation of
the program function do not overlap. It is defined to make sure that each column
deals with a disjoint subset of the domain of the program function.

Completeness of a Program-function Table:

This property requires the disjunction of all of the column header expressions be
true, i.e. the union of all header expressions of the table is always frue. It is defined
to confirm that the table covers the entire domain of the program function. If the
domain of the function described is intended to be partial, frue should be replaced
by the characteristic predicate of the intended domain.

The program-function table shown in figure 2-3 has the disjointness property if the
following is false:

((x>Y) A Cx="V)IV (X >Y) ACX <y)) v ((x=Y) A (X <Y)))
The program-function table shown in figure 2-3 is complete if the following is true:
(‘x> y) v (x=y) v (*x <))

These two properties of the program-function table ensure that in each state of the
program in execution, there must be one column condition in the tabular
representation that is true, and that there is no state in which two column conditions
are true at the same time.

11



Chapter 3

Overview of Concurrent Programs

This chapter presents a brief overview of concurrent programs that is not aimed at
covering all of the literature on the subject, but only those works related to
understanding the techniques proposed in this thesis.

3.1 Execution of Concurrent Programs

3.1.1 Process

A concurrent program specifies two or more sequential programs that may be
executed concurrently as parallel processes. A sequential program specifies
execution of a list of statements in sequence; its execution is called a process

[51(6][13]{14].

In a concurrent program, a set of processes can be executed by either making them
share one or more processors, or running each on its own processor; in the limiting
case of a single processor, all processes are interleaved or time-shared on the same
processor. However, one can understand concurrent programs by analyzing their

12
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Turing machine in two different views [38][39]. He demonstrated that the control
state (program) is equivalent to the data state.

Although concurrent programs do not behave in the same way as sequential
programs, any such concurrent program is composed of a set of sequential processes
in execution. Therefore, a concurrent program can be analyzed by applying the same
concept described above. In this thesis, we extend the von Neumann Principle by
rewriting the Readers/Writers programs and moving the program state information
into the data state.

19



Chapter 4

Inspection Using Tabular Expressions

4.1 Overview of Inspection

4.1.1 Why Inspection?

Almost all of the software in use today contains serious errors. Software quality
assurance is therefore one of the biggest concerns for all major software developers.

The main task is to get rid of bugs before products are released, and to remove errors
from products already in use.

Researchers have responded to these problems by studying methods of formal
correctness verification for programs [53]. The verification method focuses on how
to prove program correctness with the same degree of rigor that we apply to
mathematical theorems. The work often involves long, complex expressions and
thus is tedious and error-prone. Because of the exhaustive mathematical treatments,
the process is very time consuming and much patience and effort are expected from

the participants. Therefore, formal verification is not practical and actually rarely
done {53].

Software inspection is a type of quality review process, which was first described in
the 1970s by Fagan when at IBM. This has become an essential technique for

20
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making inspection of complex software systems more manageable, which showed
that computer-aided inspection has great potential to improve the inspection
performance.

4.2 Inspection of Sequential Programs Using
Tabular Expressions

4.2.1 Overview

Parnas et al. have developed a more feasible, systematic, and rigorous inspection
approach in an industrial setting [48], which combines the ideas of Fagan, Harlan
Mills [38][39] and Parnas and his coworkers [50][52]. This approach, built on a
foundation of mathematical relations that describe program behavior, uses tabular
expressions that help the inspection to be more feasible and systematic [48].

As illustrated in chapter 2, tables are well suited for communicating detailed design
information. They help to organize the information and present it for ease of use and
management, using a structured format. Moreover, they can facilitate analysis of
aspects such as completeness and consistency. Use of tabular expression helps to
avoid exhaustive inspection by making all possible cases explicit, and by allowing
checks that assure consideration of all possibilities, without overlapping cases.

4.2.2 “Divide and Conquer” Policy

In inspecting a complex program, application of an appropriate policy increases the
effectiveness and lowers the reliance on the performer’s ability. Active Design
Review inspection [57] offered an application of the policy of “divide and conquer”
and showed its effectiveness. Parnas et al. successfully applied an approach guided

24
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Mills [38][39] showed that conventional mathematics could be used to prepare
precise descriptions of a program's behavior. Each program, describing one or more
sequences of state changes for a given initial state [47], can be described by a
function or relation that maps from the start states to the final states. Tabular
notation presents information in an intuitive manner, thus improving the readability

of the program’s behavior descriptions, and making serious errors easier to spot
[30][48][50].

Description of the program in the inspection process is based on a hierarchical
decomposition of the program, which allows the program to be examined in small
parts. Use of tabular expression enables the inspection and comparison to proceed
systematically on a case-by-case basis, without looking at other interacting parts.
This is a result of the application of the “divide and conquer” policy.

The inspection method presented by Parnas et al. [48] improves upon the original by
structuring the tables into a set of displays [52]. Each of the displays is complete in
itself and can be reviewed and inspected without considering the others. Its

application in industry has shown that this approach can be a valuable tool in
facilitating program development.

Experience shows that the inspection method based on the program-function table is
a practically effective way of analyzing the expected behavior of a program and
ensuring its quality. It is also believed that support with the appropriate tools [1]{53]
is required to reduce the cost and enhance the applicability of the inspection process.

26
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Most importantly, in model checking approach the inspectors have to build a model
and work on it for verification. However, in this work we checked the program
directly and did not need to construct a special model.

4.3.2 An Inspection Approach Using Tabular Notation for
Concurrent Programs

In this work, we are trying to present a sound and systematic approach using Tabular
Expression to inspect concurrent programs. This method checks whether the

concurrent program behaves as it intends to do, by looking at its requirement
specification.

We must prove two types of program properties in the process:
1) Invariant property

This property ensures that the requirement predicate expressions, including a set of
program invariant clauses, hold in all states of the program.

2) Liveness property

This property is defined by a theorem; thus, the program will not stop unless all
processes have finished.

A brief description of the approach is given as follows:

1) Add auxiliary variables to the original program to make quantities of
interest explicit, which will not affect the original behavior of the program,
but will record extra information needed for the proof. This additional
information must be included in the hidden state of the supporting
mechanism for the processes but is not visible in the program text. The
"control" pointer or instruction pointer is an example of this hidden
information as it is not discernable directly from one of the program
variables mentioned in the code.

2) Formulate the requirements as a mathematical specification, including
appropriate program invariants that capture essential properties of the

28
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execution. The invariant set must be identified that is sufficiently strong in
order to gain an efficient inspection on the program.

3) Specify primitive operators in the program, such as synchronization
primitives (this should have been done before the program was written.)

4) Rewrite the program so that each primitive statement in the program has a
label, and make the transfer of control from statement to statement explicit by
assigning a label value to a control variable (program instruction counter) for
each statement in each process. The execution of each statement is
conditioned depending on the value of the label.

5) Describe the resulting program by a tabular representation, program-function
table. When preparing the table, it is important to capture the states fully in
the variables. This ensures that the table completely describes the behavior of
the program. A theorem that the table is complete and consistent is required
to be proved.

6) Inspect the description column by column to show that every action
maintains the invariant, and that the invariant plus some information about
the final state, implies the desired goal with the use of predicate logic.

A detailed description of applying the approach to a concurrent program is given in
the following chapters.



Chapter 5

An Example Application

A number of well-known examples of synchronization problems have been used
extensively in the literature. This thesis takes one of the most famous problems, the
“Readers/Writers problem” first formulated by Parnas, Courtois, and Heymans [15],
as an example to demonstrate the proposed approach.

5.1 The Readers/Writers Problem

The Readers/Writers problem [15] introduces two types of processes: readers and
writers. Both need to access a shared common resource such as a buffer, a database,
etc. Readers may share the resource concurrently with an unlimited number of other
readers, while writers, permitted to modify the resource, must have exclusive access.

In order to prevent the indefinite exclusion of readers or writers or both, a fairness
policy must be enforced. Due to different fairness requirements, there are several
variants of the original Readers/Writers problem. The original paper [15] presented
two solutions, giving readers and writers different access priorities, with the use of a
semaphore synchronization primitive.

30
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The first solution gives readers priority over writers. By such a policy, no reader
should wait to access the resource because a writer is waiting. That is, no reader will
be made to wait unless a writer has already obtained the permission to access the
shared resource. However, this policy can result in the starvation® of writers due to
the continuously coming readers.

The second solution gives priority to writers. By such a policy, once a writer is
ready to write, the writing will be performed as soon as possible. That is, when a
writer arrives, only those readers who have already obtained permission to read are
allowed to finish the execution; when a reader arrives behind a writer, the reader’s
access will be postponed until the writing is complete. In this case, it is possible for
readers to starve due to a continuous stream of arriving writers.

We choose the first solution to demonstrate the application process of the proposed
approach step by step.

5.2 The Original Program

Below is the original program for the Readers/Writers problem, taken from [15]. It
is the solution to acquiring minimum delay for the readers, in which “no reader
should wait simply because a writer is waiting for other readers to finish [15].”

Note that, the sample program is small but the problem is actually quite tricky and
the solution was subtle, which was (at the time) the result of a lot of discussion and

generated a lot of discussion after it was published [15].

5 Starvation: a low-priority process never gets access to the processor due to the higher-priority access of
other processes.

31
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READER:
P (mutex);
rdent :=rdent+1;
if rdent=1 then P(w);
V(mutex);
READ;
P(mutex);
rdent := rdcnt-1;
if rdent=0 then V(w);
V(mutex);

WRITER:
P(w);
WRITE;
V(w);

Figure 5-1 The Original Program

Variable rdcnt is used as a counter for all appearing readers, including those waiting
to enter the critical section®. Two semaphores are used in the solution as
synchronization primitives. The following sections are detailed explanations for the
use of the semaphore synchronization mechanism.

5.2.1 Semaphore w

Semaphore w is used as a mutual exclusion semaphore for each writer process,
which is only used for the first reader process entering the critical section (we name
this critical section the w-critical-section for following use) and the last reader
process leaving the critical section. This is because writers need exclusive access,
while readers can access simultaneously. Semaphore w uses two primitive operators:

¢ Critical sections are the sections of code that use the shared resource such as the buffer, data base, storage
unit, etc.

32
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A mathematically rigorous description of the semaphore variable and its P-
operation/V-operation in tabular representation are illustrated in Section 6.4.3.

5.3 Requirements of the Original Program

Considering the requirements of the Readers/Writers problem, we know that in the
critical section [15]:

1) Only one writer can be writing while no reader is reading.
2) More than one reader can be reading concurrently while no writer is writing.

Let rd be the number of active’ reader processes and wt the number of active writer

processes. The above requirement can then be described by the following
expression:

(rd=0 v wt=0) A (Wt<2)

Figure 5-2 The Requirement Expression

Initially, there are no readers or writers in the shared section of the programs.
Therefore, the requirement expression is initially satisfied for rd=0 and wt=0. We

only need to show that no action of any of the processes will make the above
condition false if it is true before that action.

7 active: indicates an execution status of a process; a process is active only when it is executing in the
critical section and processing.

34



Chapter 6

Rewriting the Readers/Writers Program

6.1 Two Counter Variables

In the proposed approach, we first rewrite the program by adding two variables, rd
and wt, which have been introduced in the aforementioned requirement expression
(see figure 5-2). This step is essential, as the mathematical description of the
requirements is given in terms of these two variables, and it is critical to note where

the values of these variables can be changed.

The rewritten program with the two counter variables is given in figure 6-1 below:
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READER:
P(mutex);
rdcnt :=rdent+1;
if rdent=1 then P(w);
rd :=rd+1l; {see the following note: a }
V(mutex);
READ;
P(mutex);
rdent := rdent-1;
rd :==rd-1;  {see the following note: b }
if rdent=0 then V(w);
V(mutex);

WRITER:
P(w);
wt = wt+1;
WRITE;
wt = wt-1;
V(w);

Figure 6-1 The Program with Two Counter Variables

Note a: We do not consider a reader process as an active process until it passes the
P-operation of semaphore w and enters the critical section, because readers cannot
perform reading outside of the critical section. However, only the first reader needs
to do the P-operation of semaphore w; the following readers can enter the critical

section directly if there already have been readers reading according to the program
requirement.

Note b: The decrement statement must be added at the location between the P/V
operation of mutex as shown in the above program. If the statement is given earlier,
before the mutex operation, we would have to worry about two processes executing
it simultaneously and losing count of the number of readers. In fact, both rdent and

36
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increment/decrement statement of the counter variable does not matter when they
are in the “[ ]”.

Below is the rewritten program with symbol “[ }”:

READER:
P(mutex);
rdent :=rdcnt+1;
[ if rdent=1 then P(w); rd :=rd+1;]
V(mutex);
READ;
P(mutex);
rdcnt ;= rdcnt-1;
(if rdent=0 then V(w); rd := rd-1;]
V(mutex);

WRITER:
[ P(w); wt == wt+1;]
WRITE;
[V(w); wt := wt-1;]

Figure 6-2 The Rewritten Program with Symbol “[ |”

Note that we are using the symbol “[ ] only with the auxiliary variables that are

added to help express the program requirements. We are not using it to combine
statements that were in the original program.

6.2.2 The “stop” Symbol

The “stop” symbol tells us when a process under execution can be interrupted,
allowing other processes to resume their execution.

38
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Each line of the program in figure 6-2 is primitive, which allows it to be executed
independently and it will terminate at the end of the line. That is, except for
statements inside the “[ ]” notation, each statement stops at the semicolon, and the
“stop” symbol can then appear at the point where a semicolon appears in the

program.

The P-operation/V-operation statement and its corresponding increment/decrement
statement are coupled in sequence. This is done by placing a “stop” symbol after
each “[ |”. We found that after putting the "stop" statements in place, we can omit
the “[ ] symbol for simplicity.

The following program in figure 6-3 demonstrates this symbol’s use.

READER:
P(mutex) stop
rdent :=rdent+1 stop
if rdcnt=1 then P(w); rd := rd+1 stop
V(mutex) stop
READ stop
P(mutex) stop
rdcnt :=rdent-1 stop
if rdcnt=0 then V(w); rd := rd-1 stop
V(mutex) stop

WRITER:
P(w); wt := wt+1 stop
WRITE stop
V(w); wt ;= wt-1 stop

Figure 6-3 The Rewritten Program with Symbol “stop”

Note that in this example the "stop" symbols are redundant, because semicolons
simply indicate where they appear. However, there could be other situations in
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READER i:
1 Begin
2 if next[i]=rl then P(mutex) stop
3 if next[i]J=r2 then rdcnt:=rdent+l; next[i]:=r3 stop
4 if next[i]J=r3 then if rdent=1 then P(w) ; rd :=rd+1 stop
5 if next[i]J=r4 then V(mutex) stop
6 if next[i]=r5 then READ; next[i]:=r6 stop
7 if next[i]J=r6 then P(mutex) stop
8 if next[i}=r7 then rdcnt:=rdcnt-1; next[i]:=r8 stop
9 if next[i}=r8 then if rdent=0 then V(w); rd :=rd-1 stop
10 if next{i]=r9 then V(mutex) stop
i End

WRITER j:
1 Begin
2 if next{jl=wl then P(w); wt:=wt+l] stop
3 if next[j]l=w2 then WRITE; next[j]:=w3 stop
4 if next[j]=w3 then V(w); wt:=wt-1] stop
5 End

Figure 6-4 The Rewritten Program with Labels

6.4 Specify Synchronization Primitive Operators

In Section 5.2 we explained how the two semaphores w and mutex work in the
original program. In this section we first specify a mathematical description of a
semaphore’s P/V-operation and then explain how to rewrite the program, with a
focus on the descriptions of the semaphore’s operation.
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6.4.1 The Execution States of Semaphore’s P/V-operation

When discussing the P-operation of the semaphore (written as P(sem) below), we
should consider three resulting possibilities:
a) The process passes P(sem) successfully and advances its execution;
b) The process is suspended and booked on the waiting list of the semaphore; or
c) The process is invoked from a suspended P(sem) and released from the waiting
list.

In case a), there is no special treatment.

In case b), we introduced a special label value of array variable next, “waitAtsem”,
to indicate a state in which a process is blocked by a P-operation and added to the
semaphore waiting list to be waken up by a V-operation.

In case ¢), we introduced a special label value of array variable next, “rlseAtsem”,
to indicate a state in which a process in a semaphore waiting list is activated and
released by a V-operation and ready to advance its execution.

6.4.2 The Initialization of the Semaphore Variable

According to the description of a semaphore variable in Section 3.2.2, we use the
following illustration as a definition of a semaphore variable:
Typedef struct{
int: cnt;
sset: set;
} semaphore
where sset is a type of SET defined in Appendix A.

The initialization of a semaphore variable sem;

sem.cnt=1;
sem.set = @,
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6.4.3 The Tabular Representation of the P/V-operation

In this section, we first define a function NextLabel(x) that operates on a value x of
the instruction counter variable, array next, then give the definition of the

semaphore’s P/V operation. The function is not part of the definition but is tailored
to this program.

Function NextLabel(x) is defined to acquire the next value of the label, which is an

element of variable next for a given label value of x (also an element of array next).
The function is defined in figure 6-5.

Figure 6-5 The Definition of Function NextLabel(x)

X NextLabel(x)
rl r2
waitAtPml waitAtPml
riseAtPml 2
r2 r3
r3 r4
waitAtPwr waitAtPwr
rlseAtPwr r4
4 5
5 6
6 r7
waitAtPm?2 waitAtPm2
rlseAtPm?2 r/
r7 r8
r8 9
9 END
wl w2
waitAtPww waitAtPww
rlseAtPww w2
w2 w3
w3 END
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The tabular representation of the P-operation:

Let x be the label of the currently executing statement of process i, Figure 6-6
describes the P-operation on semaphore sem, P(sem), executed by process i where
ie[1...N]; and j is the index of array next (see its description in Section 6.6), where
je[l..N}:

Figure 6-6 The Description of P-operation P(sem)

‘sem.cnt>1 ‘sem.cnt=1 ‘sem.cnt <1
sem.cnt’| false sem.cnt’= ‘sem.cnt —1 sem.cnt’= ‘sem.cnt -1
sem.set’| false sem.set’ =‘sem.set sem.set’ =‘sem.set U{i}
next’| false tab 6-6-1 tab 6-6-2
tab 6-6-1:
vj,jell..N] A
j=i j#i
next[j]’=NextLabel(x) | next[j]’= ‘next[j]
tab 6-6-2:
vj, je[1..N] A
J=i j#i

next[j]’=waitAtPsem [ next[j]’= ‘next[j]

The tabular representation of the V-operation:

Let x be the label of the currently executing statement of process i, Figure 6-7
describes the V-operation on semaphore sem, V(sem), executed by process i where
ie[1...N]; and j is the index of array next (see its description in Section 6.6), where
je[l...N]:
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6.5 The Rewritten Program

READER i:

1 Begin

2 if next[i]=r1 then P(mutex) stop
3 if next[i]J=waitAtPml then next[i]:= waitAtPm1l stop
4 if next[i]=rlseAtPm] then next[i]:=r2 stop
5 if next[i]=r2 then rdent := rdent+1; next[i]:=r3 stop
6 if next[i]=r3 then if rdent=1 then P(w) ; rd :=rd+1 stop
7 if next[i]J=waitAtPwr  then next[i]:=waitAtPwr stop
8 if next[i]=riseAtPwr then rd:=rd+l; next[i):=r4 stop
9 if next[i]=r4 then V(mutex) stop
10 if next[i]=r5 then READ; next[i]:=r6 stop
1 if next[i]=r6 then P(mutex) stop
12 if next[i]=waitAtPm2 then next[i]:=waitAtPm2 stop
13 if next[i]=rlseAtPm2  then next[i]:=r7 stop
14 if next[i]=r7 then rdcnt :=rdcnt-1; next[i]:=r8 stop
15 if next[i]=r8 then if rdent=0 then V(w); rd :=rd-1 stop
16 if next[i]=r9 then V(mutex) stop
17 End

WRITER j:

! Begin

2 if next[j]=wl then P(w); wt := wt+1 stop
3 if next[j]=waitAtPww then next[j]:=waitAtPww stop
4 if next[j]=rlseAtPww  then wt:=wt+l; next[jl:=w2 stop
5 if next[j]l=w2 then WRITE; next[j]:=w3 stop
6 if next[j]=w3 then V(w); wt ;= wt-1 stop
7 End

Figure 6-8 The Resulting Program
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rdcnt is the counter of all readers already entered or still waiting to enter the critical
section.

type: int

initial value: 0

possible value: 0,1,2,...MaxReaderNumber, where MaxReaderNumber
describes the possible maximum number of the readers in the system.

rd is the counter of all active’readers in the w-critical-section.
type: int
initial value: 0
possible value: 0,1,2,...MaxReaderNumber

wt is the counter of all active writers in the w-critical-section
type: int
initial value: 0
possible value: 0,1
Note that, there can only be one writer in the w-critical-section according to the

program requirement.

mutex is a semaphore variable in the program that functions as a mutual exclusion
semaphore for readers to ensure that only one reader will enter or leave the w-
critical-section at a time, in other words, there is only one reader working on the
shared variable rdcnt in the two mutex-critical-sections.
type: semaphore
initial value: mutex.cnt=1;
mutex.set=J;

The type and possible values of mutex.cnt and mutex.set are listed in figure 6-9

below:

? Active means the reader/writer process is actively reading/writing in the w-critical-section , but not
waiting outside the section.
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in which a writer is executing at label wl (in line 2 of writer process in figure 6-8)
while all other writers are waiting to pass P(w) and at same time a reader comes to
label r3 (in line 6 of reader process in figure 6-8) and tries to pass P(w); or that a
reader is executing at label r3 while all writers come to label wl and wait to pass
P(w).

next is the control variable for each process. The elements of array next are used to
specify the next executing statement in a reader or writer process. The indices of the
array are identifiers of the processes.

The indices of array next are a contiguous set of integers beginning with 1. The
array consists of two parts: the element values in the front part represent the
identities of all the reader processes, while those in the end part account for all the
writer processes.

type: array

initial value: r1 for reader process and w1 for writer process''

possible value: rl, r2,..., r9, waitAtPwr, waitAtPml, waitAtPm2, riseAtPwr,
rlseAtPm1, or rlseAtPm2 for readers, and wl,w2,w3, waitAtPww, or rlseAtPww for

writers.

Note that there are two categories of the values, one for the reader processes and one
for the writer processes. We assume that a value is assigned to an element of the
array according to the type of the process either a reader or a writer process.

pID is an integer variable used to identify a chosen process in executing of the
program (see also Section 6.3).

type: integer

possible value x, where xeN and N is the set of non-negative integers.

' A reader process and a writer process start the execution with different start states.
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Chapter 7

The Tabular Representation of the
Rewritten Program

The program-function table we construct in this chapter is the tabular representation
of a single non-deterministic sequential program, which, as mentioned in chapter 3,
is equivalent to the set of concurrent interacting processes (i.e. readers and writers)
in the rewritten program (see figure 6-8).

The basic principle in constructing a program-function table is to capture the states
fully in the variables, which ensures that the table completely describes the behavior
of the program. This requires careful configuration of the table structure.

This chapter consists of three sections. The first section describes the abbreviation
techniques that are necessary for construction of the program-function table; the
second section explains in detail how to prepare such a table; the third section

presents the resultant table (abbreviated) for the rewritten program, with an
illustration of the actual table.

7.1 Explanation for the Abbreviation Techniques

More than one reader or writer process can be executed concurrently. All of these
processes have to be described in the table to fully express the program behavior. If
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The P/V-operation process may involve operations on m.set or w.set. This requires
that the values of m.set and w.set be described as predicate expressions. Therefore,
“such that, |” operators are used in those two row headers.

Variable next has sub-tabular expressions as cell values (see detailed explanation
below), so it also needs “such that, |” operator in the row header.

Below is a sample transformation from statements to table.

Two sample statements (taken from figure 6-8) are provided in figure 7-1. The
corresponding table structure after transformation is given in figure 7-2.

2 if next[i]=r1 then P(mutex) stop
5 if next[i]=r2 then rdent:=rdent+1; next[i}:=r3 stop

Figure 7-1 Sample Statements in Reader Process

pID=k A IsReader A

""""""" | R I S ‘nextlk] =12 | ......
‘m.cnt>1] m.cnt=1 ‘m.cnt<]

m.set’|

w.cnt’ =

w.set’|

next’|

Figure 7-2 The Corresponding Table Structure for Statements in Figure 7-1
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Figure 7-3 (a) is the resultant table with values from figure 7-2:

.................................. PIDSK ATSREAMRE A
T BT P R R mextk] =12 |
rdent’ = ‘rdcnt ‘rdent ‘rdent+l
d’ = ‘rd ‘rd ‘rd
wt’ = ‘wt ‘wt ‘wt
m.cnt’= ‘m.cnt -1 ‘m.cnt -1 ‘m.cnt
m.set’| m.set’='m.set [m.set’=‘m.setu{k} m.set’='m.set
w.cnt’ = ‘w.cnt ‘w.cnt ‘w.cnt
w.set’| w.set’='w.set [w.set’=‘w.set w.set’=‘w.set
next’| Tab2 Tab3 Tabé
1 2 K P I

Figure 7-3 (a) The Resultant Table for Statements 2 and 5

Tab2 : Vi,

Tab3: Vj,

i=k

jizk

=k

j2k

next[j]’=NextLabel(r1)

next[j]’= ‘next[j]

Next[i]’=waitAtPm]

next[i]’="next[i]

Tab6: Vj,

=k

j# k

next[j]’=NextLabel(r2)

next[j]’= ‘next[j]

Figure 7-3 (b) Sub-tables 2, 3 and 6
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7.3 The Tabular Representation of the Rewritten
Program

7.3.1 The Tabular Representation of the Rewritten Program

In the table shown in figure 7-4:

1) m is the abbreviation for mutex to reduce the width of the table.

2) M is the number of all reader and writer processes in execution.

3) k is the parameter introduced to indicate a typical executing reader and writer
process.

4) IsReader is the abbreviation for 0<k<n, where neM and n is the number of
reader processes.

5) IsWriter is the abbreviation for n<k<M, where ne[1..M] and (M-n) is the
number of writer processes.

6) A gray column indicates that this case can never occur;

7) The values of array next in the table are described in sub-tables having a name
format of “Tab-col”, in which “col” is the present column number.
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The following are the sub-tables for the table in figure 7-4:

Tab2 of Readers:

Vi,

Tab3 of Readers:

vj,

=k

j2k

=k

2k

next[j]’=NextLabel(r1)

next{j]’= ‘next{j]

next[j]’=waitAtPml

next[j]'=‘nextfj]

Tab4 of Readers:

vj,

i=k

j2k

next[j]’= ‘next[j] | next[j]’= ‘next[j]

Tab6 of Readers:

Vi,

Tab5 of Readers: Vj,

i=k

jzk

next[j]’=NextLabel(rlscAtPm1) | next[i]’= ‘next[j]

Tab8 of Readers: Vj,

i=k

j2k

i=k

j=k

next[j]’=NextLabel(r2)

next[j]’= ‘next[j]

next[j]’=NextLabel(r3)

next[j]’= ‘next[j]

Tab9 of Readers: Vj,
=k j2k
next[j]’=waitAtPwr | next[j]’= ‘next[j]

Tabl3 of Readers: Vj,

i=k

j2 k

next[j]'= ‘nextfj] [ next[j}'= ‘next[j]

Tabl!1 of Readers : Vj,

=k

zk

next[j]’=NextLabel(r3)

next[j]’= ‘next[j]

Tabl14 of Readers: Vj,

=k

j2k

next[j]’=NextLabel(rlscAtPwr) | next[j])’= ‘next[i]

64




Tab16 of Readers: Vj,

=k

j#k

next[j1’=NextLabel(r4)

next[j]’= ‘next[j]

Tab18 of Readers: Vj,

=k

jzk

next{j]’=NextLabel(r5)

next[i]’= ‘next{j]

Tab21 of Readers: Vj,

=k

j2k

next[j]’=waitAtPm2

next[j]’= ‘nextfj]

Tab23 of Readers: Vj,

Tabl7 of Readers: Vj,

kA

=k 7k A (je(‘m.set-m.set’)) A

‘next[jJ=waitAtPml

‘nextfjl=waitAtPm2 | (j¢(‘m.set-m.set’))

next[j]’=NextLabel(r4)

next{j]’=rlscAtPml

next[j]’=rlscAtPm2 | next[j}’= ‘next(j}

Tab20 of Readers: Vj,

=K

j2 k

nextfj]’=NextLabel(r6)

next(j]'= ‘next[j]

Tab22 of Readers: Vj,

=k

j=k

next[j]’= ‘next[j]

next[j}'= ‘next[j}

i=k

j# k

Tab24 of Readers: Vj,

next{j]'=NextLabel(rlscAtPm2) | next[j]’= ‘next[j]

i=k

j2 k

Tab26 of Readers: Vj,

=k

j2k

next[j]’=NextLabel(r8)

next[j]'= ‘nextfj]

Tab29 of Readers: V],

=k

j=k

next[j]'=NextLabel(r8)

nextfj]’= ‘next[j]

next{j]’=NextLabel(r7)

nextfj]’= ‘next(j]

Tab27 of Readers: Vj,

ik

(= k) A (je(‘w.set-w.set’))
A'next]jj=waitAtPww

Gz k) A
(je(‘w.sct-w.set’))

next[j]'=NextLabel(r8)

nextfj]’=rlscAtPww

next[j])’= ‘next[j]

Tab31 of Readers: Vj,

=k

j2k

next[jI'=END

next[j]'= ‘next{j]
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Tab32 of Readers: Vj,

i=k (i# k) A (je(‘m.set-m.set’)) A

‘next(j]=waitAtPm]

‘next[j]=waitAtPm2

(i# k) A (je(‘m.set-m.sct’))

next[j]’=END | next[j]’=rlseAtPml

next[j]’=rlscAtPm2

next[j]’= ‘next[j]

Tab2 of Writers: Vj,

=k jrk

next[j]'=NextLabel(wl) [ next[j]'= ‘nextfj]

Tab4 of Writers: Vj,

=k =k

next[j]’= ‘next[j] | next[j]’= ‘next[j]

Tab6 of Writers: Vj,

=k #k

next[j]'=NextLabel(w2) | next[j]'= ‘next[j]

Tab9 of Writers: Vj,

Tab3 of Writers: Vj,

i=k

j2 k

next[j]'= waitAtPww

next[i]'= ‘next{j]

Tab$5 of Writers: Vj,

=K

j2k

next[j]’=NextLabel(rlscAtPww)

next(j]’= ‘next[j]

Tab8 of Writers: Vj,

=k

j=k

next[j]'=END

next[j]’= ‘next{j]

=k (jzk) A (je(‘w.set-w.set’)) A

‘next[j]=waitAtPww

*next[j]=waitAtPwr

(i#k) A (e (‘w.set-w.set’))

next[j]'=END | next[j]'=rlscAtPww

next[j] =rlseAtPwr

nextfj]’= ‘next[j]
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7.3.2 An Illustration of an Actual Table

As an example, we consider two readers and two writers at a time. The actual table
for the Readers/Writers program will be described in a skeleton view as shown in
figure 7-5, spreading all columns and rows of all of the four processes.

We leave some of the cells in the table blank for simplicity. The contents of the
grids are the corresponding values shown in Figure 7-4. To fill the content of the
table, we need to copy the representative columns three times for reader processes
and two times for writer processes. We can see that the real table illustrated in figure
7-5 will be very large, but easy to complete.
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Figure 7-5 An lllustration of a Real Table

p!D-=1 A IsRcader A pID 2 A hReader A (pID 3 A lsWriter) A plD -4 A IsWriler A
oA o) Faesii]s il [l [Fneuliis” Facuiii-rd fresi) |Enesii-n [‘wenijs [aesiifs |inesil [Enevi o RESTAY [oéSST: foeniST faduiSi WA N L
waitAtPmt plscAiPml | waitAtPwr [ tlscAtPwr A - t$ A WaAIPM2 [ elscAtPm2}« 7 A MaitAtPawElse AtPww
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Chapter 8

Inspection of the Program

This chapter has three sections. The first section presents a proof that the program-
function table meets the requirement of disjointness and completeness properties.
The second section and the third section use the table to confirm the liveness

property and the invariant property of the rewritten program respectively.

Note that the proof is done manually here, which is a very tedious job. However,
this is intended as a first step towards automating the process.

8.1 The Completeness and Disjointness of the
Table

As mentioned in Section 2.4, to correctly represent the program behavior, a
program-function table must have the two properties: disjointness and completeness.

Definition [43]: Let Cy, ..., C, be the condition predicates for each column in the
normal header of the table, and let x,, ..., Xm be the free variables that appear in the

predicates, then
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A table is complete if
(VX1, -.vy Xmy (C1v C2 v ... v Cy)) = true

and disjoint if
(V1,j, (ie[l.n] Aje[l..n] A1) = (VX1,...,Xm,(Ci AC; )))) = false

We start the inspection process by proving the following theorem.

Theorem 8.1:

The program-function table (figure 7-4) for the rewritten Readers/Writers program
is complete and disjoint.

Note that we have organized the header as a tree where each node is associated with
a partitioning of the space of the node above it. This way of construction guarantees
correctness of this structure. We prove theorem 8.1 using the structure of the table
header, from the top to the bottom and level by level. Figure 8-2 represents the
normal header of the table with a multi-levels structure (taken from figure 7-4).
Moreover, as explained in Section 7.1, each column condition of the table is the
conjunction of the conditions in each level. For instance, the column conditions for
the left four columns are:

pID=k A IsReader

Figure 8-1 The Headers of the Left Four Columns

From left to right, the column conditions of the above four columns can be expressed as:

(pID=k A IsReader) A('next[k]=r1) A (‘'m.cnt >1)
(pID=k A IsReader) A('next[k]=r1) A (‘m.cnt =1)
(pID=k A IsReader) a(‘next[k]=r1) A (‘m.cnt <1)
(pID=k A IsReader) A(‘next[k]=waitAtPm1)
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Therefore,
Case 1: In columns where next[i]=rl1, next[ij=r4, next[i]=r6, and next[i]=r9, only
variable m.cnt appears. By substituting x with m.cnt in X;;, X2 and X3, X2z,

respectively, we can prove the theorem; that is, the table at the 3" level is complete
and disjoint.

Case 2: In columns where next[i]=r3 and next[i]=r8, variable rdent appears and
there is a lower level involving variable w.cnt.

First, in the level with variable rdent, substituting x with rdent in X5, X3 and Xz,
X723, respectively, will prove the theorem; that is, the table is complete and disjoint at
this level.

In the lower level with variable w.cnt, substituting x with w.cnt in Xy, X2, X21, X22
and X3, X3z, respectively, will prove the theorem; that is, the table is complete and
disjoint at this level.

Case 3: In columns where next[i]J=w1 and next[i]=w3, only variable w.cnt appears.
Substituting x with w.ent in Xy, X;2 and X3, X3; will prove the theorem; that is, the
table is complete and disjoint at this level.

Therefore, the 3™ level has been proved.

Thus, in summary, the table is complete and disjoint. Theorem 8.1 is proved.
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state. For instance, the value of next|i] is the label for the i" process in its execution
State.

Below is the definition of function IntRW().

X IntRW(x)
rl 15
waitAtPml 14
rlseAtPml 13
r2 12
r3 11
WaitAtPwr 10
RlseAtPwr 9
r4 8
rd 7
6 6
waitAtPm2 5
riseAtPm2 4
r7 3
r8 2
9 1
wl 5
WaitAtPww 4
Rise AtPww 3
w2 2
w3 1
END" 0

Figure 8-3 The Definition of Function IntRW()

From the above definition, we have:

Corollary 1:

DQ =0 if and only if

(Pros, IntRW(next[1]), IntRW(next[2]),... IntRW(next[M])) = 0 where
Pros = 0 means that there is no process at the state;

"4 “END" is introduced as a pseudo-label to indicate the end of execution of a process, which is not going
to be a state. Detailed explanation can be found in Section 6.4.3.
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IntRW(next[1])=0, IntRW(next[2])=0,..., and IntRW(next[M])=0 means that
all processes arrive at the “END” label statement and finish all operations.

Figure 8-4 is a directed graph describing the order relation of all possible values of
the variable next, which correspond to the labels of the statements. The order
relation indicates possible sequences of the statement labels during the execution of
the program, and is given only for the possible values of variable next for readers
and writers. The branches occur because there are conditional statements in the

program.

rl 1

} ¥
waitfxth 1 Q waltf\thw O
rlseAtPm1i riseAtPww

r2 w2

v

w3

r3
v v
waitiAthrQ END

riseAtPwr
r4

v

5

v

r6

r¢7
waitﬁth2D

rlseAtPm2

v

r8

7

END

Figure 8-4 The Order Relation of All Possible Values of the Variable next
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8.2.2 The Theorem of Decreasing Quantity

This section we present the theorem of Decreasing Quantity, and give the proof.

The theorem of DQ:
a) If there is a state change, DQ decreases;
b) If there is no state change possible, DQ is zero; and
c) If DQ is zero, there is no waiting process.

Assumption of the theorem:
There are no new readers/writers arriving.

Explanation of the terms:

“process state”: A process can be described in terms of a set of state variables. At
any given moment, each of the state variables will contain a particular value, and
this collection of values is used to describe the state of the process.

“state change”: This means that at least one variable of the process state has changed
its value.

“waiting process”: This process that cannot change the program state.

8.2.3 The Proof

Proof of the theorem of DQ:

For item a) of the theorem, we will give the proof column by column (see table 7-4)
and in accordance with the values of array variable next.

(1) All of the gray columns, including columns 1, 7, 10, 12, 15, 19, 25, 28, and 30 of
the reader processes and columns 1, 7 of writer processes, describe those cases that
can never occur in the execution. Consequently, there is no state change. Therefore,
the hypothesis is false and the theorem is true.
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(2) In column 2 of readers, there is a state change; the value of variable next has

changed.

We have:
(Vj, ((G=k Anext[j]’=NextLabel(r1)) v (jzk Anext[j]’=‘next[j]))), and

‘next[k]=rl1, where k denotes the currently executing process.

If a process is currently active, the value of variable next is assigned to
NextLabel(rl), where r1 denotes the current statement label of the process.

Then, from the definitions of function NextLabel() and function IntRW(), we have:
IntRW(r1) > IntRW(NextLabel(r1))

For all other processes that are waiting to advance their execution, there is no
change of variable next and IntRW(next), so the corresponding parts in the
expression of the DQ definition for these processes keep the same values.

Because there are no new coming readers/writers, and no process finishes its
execution, the number of existing processes is unchanged.

Columns 5, 6, 11, 14, 16, 18, 20, 23, 24, 26, and 29 of readers and columns 2, 4, 5,
and 6 of writers are similar to column 2 of readers; thus, the proof remains the

same.

Therefore, ‘DQ > DQ’, and a) is true in these cases.

(3) In column 3 of readers, there is a state change; the value of variable next has

changed.

We have:
(Y], ((=k A next[j]’=waitAtPm1) v (jzk A next{j]’="next{j]))),

and, ‘next[k]=r1 where k denotes the currently executing process,
and, when a process is currently active, the value of variable next is assigned to

waitAtPm]l.
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From the definitions of function NextLabel() and function IntRW(), we have:
IntRW(rl) > IntRW(waitAtPm1l)

For all other processes that are waiting to advance the execution, there is no change

of the variable next, so the corresponding parts in the DQ definition for these
processes keep the same values.

Because there are no new readers/writers arriving, and no process finishes its
execution, the number of processes is unchanged.

Columns 9, and 21 of readers and column 3 of writers are similar to column 3 of
readers; thus, the proof remains the same.

Therefore, ‘DQ > DQ’. a) is true in these cases.

(4) Columns 4, 13, and 22 of readers and column 4 of writers represent no state
change in the program execution; therefore a) is true since the hypothesis is false.

(5) In column 17 of readers, there is a state change; the value of variable next has
changed.

We have:
((Vj, =k A next[j]’=NextLabel(r4)) v
(#k A je(‘m.set-m.set’) A‘next[jj=waitAtPm1Aa next[j]’=rlseAtPm1)v
(i#k A je(‘m.set-m.set’) A next[j]’=*next[j])))),
and ‘next[k]=r4, where k denotes the currently chosen process.

When a process is currently active, the value of variable next is assigned to
NextLabel(r4) r4, where r4 denotes the current statement label of the process.
When a process is activated from the semaphore’s waiting list by a V-operation of

another process, the value of variable next is assigned to rlseAtPm]1.

From the definitions of function NextLabel() and IntRW(), we have:
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IntRW(r4) > IntRW(NextLabel(r4))
IntRW(x) > IntRW(rlseAtPml), where x is the before-value of next

variable with its after-value of rlseAtPm1.

For all other processes that are waiting to advance their execution, there is no
change of the variable next, so the corresponding parts in the expression of the DQ
definition keep the same value.

Because there are no new coming readers/writers, and no process finishes its
execution, the number of processes is unchanged.

Column 27 of readers is similar to column 17 of readers; thus, the proof remains the

same.

Therefore ‘DQ > DQ’. a) is true in these cases.

(6) In column 31 of readers, there is a state change; the value of the variable next

has changed.

We have:
(Y], (j=k anext[j]’=END) v (jzk Anext[j}’=‘next[j]))),
and ‘next[k]=r9 where k denotes the currently executing process.

When a process is currently active, the value of the variable next is assigned to
END, which means the process has no more state changes and the DQ of the chosen

process is then equal to zero.

Then, from the definitions of function NextLabel() and function IntRW(), we have:
IntRW(r9) > IntRW(END)

All other processes keep the same value of the element in array next. When they
finally advance to the same state as the currently chosen process, the DQ will get to

ZCro.
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There are no new coming readers/writers, and the current executing process finishes
its execution, the number of process decreases by one.

Column 8 of writers is similar to column 31 of readers. Thus, the proof remains the
same.

Therefore, ‘DQ > DQ?’. a) is true in these cases.

(7) In column 32 of readers, there is a state change; the value of variable next has
changed.

We have:
((Vjs =k A next[j]’=END)
v (J#k A je(‘m.set-m.set’) A‘next[j]=waitAtPm2Anext|j]’=rlseAtPm2)
v (j#k A jJe(‘m.set-m.set’) A next[j]’=*next[j])))),
and ‘next{k]=r9, where k denotes the currently executing process.

When a process is currently active, the value of the variable next is assigned to

END, which means the process has no more state changes and the DQ of the chosen
process is then equal to zero.

When a process is activated from the semaphore’s waiting list by the V-operation of
another process, the value of the variable next is assigned to rlseAtPm2.

Thus, from the definitions of function NextLabel() and function IntRW(), we have:
IntRW(r9) > IntRW(END)

IntRW(x) > IntRW(rlseAtPm2), where x is the before-value of the next
variable and rlseAtPm?2 is the after-value.

All other processes keep the same value of the variable next, so the DQ remains the
same value.

There are no new coming readers/writers, and the current executing process finishes
its execution, the number of process decreases by one.
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Column 9 of writers is similar to column 32 of readers. Thus, the proof remains the
same.

Therefore, ‘DQ > DQ’. a) is true in these cases.

Till now, a) is proved for all columns.

For item b) of the theorem:

There are a few places where a specific process (the process with statement assigned
label of waitAtPsem) cannot advance. They are columns 4, 13, and 22 of readers and

column 4 of writers.

(1) In each of these columns, the corresponding value of function IntRW(next)
equals to one of the values 14,10,5, or 4 according to the definition (see figure 8-3),
this follows that,

IntRW(next)>0;
We have DQ = (Pros, IntRW(next)), thus DQ is not zero.

(2) In each of these columns, although the current process is waiting on a
semaphore, the non-positive value of the semaphore implies an execution of another
process. This is because:

In column 4, and 22 of readers, we have
‘next[k]=waitAtPml, and ‘next[k]=waitAtPm2 respectively, and the invariant

(3i, i=k A (next[i}=waitAtPmIv next[i]=waitAtPm2)) = m.cnt<0;

According to the definition of semaphore (see Section 6.4.3), m.cnt<0 implies there
is at least one reader waiting for another reader’s execution to invoke it from
suspending. Thus, in these cases, there is possible state change.

In column 13 of readers and column 4 of writers, we have the invariant
w.cnt<1=> ((Wi=1Ard=0)v(rd2 I Awt=0)v(rd=0Awt=0A(3t, (next[t]=rlseAtPwrvnext[t]=rlseAtPww)))),
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which indicates that, besides the waiting process, there is another process (at least)

that is being executed: either a writer is writing, or a reader (or readers) is reading,

or one process just finished its reading/writing that will invoke the waiting process.
Thus, in these cases, there is possible state change.

Thus, from (1) and (2), we know that there is possible state change and DQ is not
zero for these cases.

Therefore, b) is true.

For item c) of the theorem:

If one process is not at the end, the DQ will not be zero because the corresponding
value of IntRW for this process will be a positive integer, i.e., one of the values in
[15...1]. For a waiting process, the corresponding value of function IntRW(next)

will equal to 14, or 10, 5, 4 (see the definition in figure 8-3). That is, in the
definition

DQ = (Pros, IntR W(next)),
the part of function IntRW[next(k)] (where k is the identifier of currently executing
process), is not zero. Therefore, if a process is not at the end, DQ is not zero.

Therefore, if DQ is zero, the values of IntRW(next) are zero, i.e., all processes come
to the END label which follows that there is no waiting process.

Therefore, ¢) is true.

By now, the proof is complete.

8.3 Invariant Property Proof

Invariant properties are established by systematically checking that what are
preserved by every primitive statement in the program. An invariant must be true
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8.3.2 Conditions before the Execution of Any Processes

Initially, all of the processes are at the starting state of their programs. All of the
variables have been initialized properly, with the initial conditions indicating that
there are no readers and no writers in action.

The initial values of the variables included in the invariant in Figure 8-6 are as
follows:

rd=0;

wt=0;

rdcnt=0;

w.cnt=1; w.set=0;

m.cnt=1; m.set=0;

(Vi, next|i]) =r1 A IsReader for reader process;

(V1i, nextfi])=wl A IsWriter for writer process.
Note:
Symbol “®” is used to denote an empty set.

Different types of processes, such as readers and writers, will start the execution
with different initial values of the variable next.

With the initial values, we can see that all of the invariant clauses are initially true
by substituting the initial values in the expression. The rightmost column in figure 8-
6 shows us the truth-value holds for each clause.

8.3.3 Notations Used in The Proof

We introduce the symbol * |- to represent the “derived by” relation in the proof:

Let Py, P,, ..., P, (where n is a positive integer) be a set of predicate expressions,
called premises, and Q be a predicate expression, called a conclusion. By applying
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inference rules to the premises, we can draw a conclusion. This sequent is denoted
by the following expression:

Pi,Ps ...,P3 FQ

We introduce the notation of “E” describe an equivalent replacement. For instance,
when replacing the definition of the invariant “V,”, we use the “=” symbol to

indicate this action.

8.3.4 Proof of Sample Columns

This section will give the proof for sample columns. A complete proof is given in
Appendix B. We will use the following expressions to make the proof more

readable:

‘INVARIANTS: describes all of the invariant clauses with before-notation for all of
the variables in the expressions;

INVARIANTS?’: describes all of the invariant clauses with after-notation for all of

variables in the expressions;
V; (where i=1...16, see figure 8-6): describes a clause in the invariant set;

‘V; (where i=1...16, see figure 8-6): describes a clause in the invariant set with

before-notation of all variables in the expressions;

Vi’ (where i=1...16, see figure 8-6): describes a clause in the invariant set with

after-notation of all variables in the expressions;

NC(Vary,...Var;): indicates that the variables in the list within the parentheses are
not changed as the state changes, i.e. Var;>=*Var;, Var;’=*Var; and etc.
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Columns of Reader Processes:

Column 1+32*(k-1) for k=1...n, where n is the number of readers 15,

Prove: INVARIANTS’
Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt>1) {column condition'®}

“Vs

‘m.cnt<l1

F

=(‘m.cnt>1)

—(( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt>1)
Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 2+32*(k-1) for k=1...n, where n is the number of readers:

Prove: INVARIANTS’
Given: ‘INVARIANTS
A NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=rl A ‘m.cnt=1) {column condition}
A m.ent’=‘m.cnt-1
A (Vj, ((7=k Anext[j]’=NextLabel(r1)) v (jzk Anext[j]’="next[j])) )
Proof:

' We use the clause to imply that we do not want a column to be "executed" twice in a row, because the same would remain true for the rest of
the columns.
' The condition at the top of the column, which must be satisfied when exccuting the portion of the program corresponding to the column.
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Since all of the variables in the invariant clauses rp;, rps, Vi, Va, Vi, Vs, Ve, V5 are not changed, the truth value of them will not change; hence,
they will be true with the after-values of the variables.

For the invariant clauses in which the variables changed in the state change, we will prove them one at a time as below:
V.
5

‘m.cnt<l

F {substitute (m.cnt’+1) for ‘m.cnt}
m.cnt’+1< 1

l.

m.cnt’S 0

|..

m.cnt’<]

Vs’

Vg

A NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k|=r1 A ‘m.cnt=1)

A (Vi, ((i=k Anext[j]’=NextLabel(r1)) v (jzk anext[j]’=*next[])) )

{replace 'V with its definition}
(‘w.ent<l=> ((*wt=1A‘rd=0) v (‘rd21A‘wt=0) v {bold font means replacement occuring
(‘rd=0 A*wt=0 A(3t, (‘next[t)=rlscAtPwr v¢next[t]=riscAtPww))))) between current step and last step}
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r]l A ‘m.cnt=1)
A (V), ((7=k Anext[j}’=NextLabel(r1)) v (jzk Anext[j)’=*next[j})) )

(‘w.ent<1= ((‘wi=1A'1d=0) v (‘rd21A‘'wt=0) v
(‘rd=0 A‘'wt=0 A (31, (‘next[t]=rlscAtPwr v‘next[t]=rlseAtPww)))))
A NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (‘next[k]=r1)
A (Vj, ((j=k anext[j]'=NextLabel(r1)) v (jzk anext[j]’="next[j])) )
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I.
(‘w.ent<1=> ((‘wEIA rd=0)v(‘rd21A‘wt=0) v(‘rd=0 A‘wt=0 A (3t, (t=kv tzk)A (‘next[t]=riseAtPwr v‘next[t]=riseAtPww)))))
A NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (“‘next[k]=rl)
A (Vj, ((=k Anext[j]’=NextLabel(r1)) v (j2k anext[j]’=‘next[j])) )

(‘w.cnt<1= ((‘wt=1A*rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A‘wt=0A(3t, (=KA(“next[t]=rIseAtPwrv next[t]=rIseAtPww))v (t=ka(‘next[t]=rlscAtPwrv‘next(t]=rlseAtPww))))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (‘next{k]=rl)
A (Y], ((i=k Anext[j]'=NextLabel(r1)) v (j#k Anext[j]’=‘next[j])))

(‘w.cnt<l=> ((Cwt=1A rd=0)v(‘rd21 A wt=0)v(‘rd=0 A‘wt=0 A (3t, Falsev (tzka (‘next[t]=riseAtPwr v¢next[t]=riseAtPww))) )))
A NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A (‘next[k)=r1)

A (V), ((5=k Anext[j]’=NextLabel(r1)) v (j=k Anext[j]’=‘next[j])))

(‘w.ent<I=> ((‘wt=1A rd=0)v(‘rd21A*wt=0)v (‘rd=0 A‘wt=0 A (3t, (t£kA (‘next|tj=riscAtPwr v¢next[t]=riseAtPww))) )))

A NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (‘next{k]=rl)

A (Y], ((7=k Anext[j]’=NextLabel(r1)) v (jzk Anext[j]’="next(j])) )
I {substitute corresponding after-values for ‘wt, ‘rd, ‘w.cnt, ‘next in ‘Vy}
w.ent’<l=> ((we'=1Ard’=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 A(3t, (tzkn (next{t]’=rlseAtPwr vnext[t]’=riseAtPww)})))
l.

w.ent’<1= (wt'=1Ard*=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 A(3t, (next[t]’=riseAtPwr vnext[t]’=riseAtPww))))

\{}

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[kj=r1 A ‘m.cnt=1)

A (], ((j=k Anext[j]’=NextLabel(r1)) v (jzk Anext[j]’=*next|{])) )
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}..
NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (‘nextlk]=r1)
A (], ((=k Anext[j]’=NextLabel(r1)) v (jzk anext[j]’=‘next[j])) )

{get function value of NextLabel(r1)}
NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (‘next(k]=r1)
A (], ((7=k Anext[j]’=r2) v (j=k Anext[j]’=‘next[j])) )

—(3i, i=k A(next[i]’=r3 v next[i]’=rIscAtPwr v next[i]’=rdv next[i]’=r5 v next[i]’=r6 v next[i]’=rlscAtPm2 v next[i]’=r7))

\{)

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt=1)
A (Y], ((=k Anext|j)’=NextLabel(r1)) v (j2k Anext{j]’=*next|j])) )

{get function value of NextLabel(r1)}
NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A ‘next{k]=r1
A (V], ((G=k Anextfj]’=r2) v (j2k Ancxtfj]’=*next{j])) )

—(3i, i=k Anextfi}’=riscAtPwr)

I..
Vi’

(( pID=k A IsReader) A ‘next(k]=r1 A ‘m.cnt=1)
A m.cnt’=‘m.cnt-1
l.
‘m.cnt=1
A m.ent’="m.cnt-1
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m.cnt’=0
|..
m.cnt’< 1

F
Vi’

Vi
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt=1)

A (Y], ((i=k Anext[j]’=NextLabel(r1)) v (jzk Anext[j]’=‘next[j])) )
{replace 'V, with its definition}

@i, i=k A(‘next[i]=rlv‘next{i]=rlseAtPm1v¢next|i]=r2 v‘next|i]=rdv*‘next[i]=r5
vénext|i]=r6v‘next[i]=rlseAtPm2 v‘next[i]=r7 vnext[i]=r9)) = ‘rd=‘rdcnt
A NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A (( pID=k A IsReader) A ‘next{k]=r]l A ‘m.cnt=1)
A (¥}, ((7=k Anext[j]’=NextLabel(r!)) v (j#k anext[j]'="next[j])) )
F {get function value of NextLabel(r1)}
‘rd=‘rdcnt
A NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A ‘next[k]=rl
A (Vi, ((5=k Anext[j]’=r2) v (j#k Anext[j]'=*next[j])))

rd’=rdcnt’

F
Vi’

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)

A ((pID=k A IsReader) A *next|k]=r1 A ‘m.cnt=1)

A (Vj, ((5=k Anext[j}’=NextLabel(r1)) v (jzk Anext[j]’=*next[j])) )
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NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A {(pID=k A IsReader) A ‘next[k]=r] A ‘m.cnt=1)
A (¥, ((i=k Anext{j}]’=r2) v (jzk Anext[j]’="next{j])) )

=(@3i, i=k A(next[i]’=r3 v next[i]’=rlscAtPwr))

Vi’

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next|k]=rl A ‘m.cnt=1)
A (V], ((j=k Anext[j]’=NextLabel(r1)) v (j#k Anext[j}’=‘next[j])) )

NC(rdent, rd, wt, m.set, w.cnt, w.set)
A~ (( pID=k A IsReader) A ‘next[k]=rl A ‘m.cnt=1)
A (Vi ((=k Anext{j]’=r2) v (j2k Anext|j]’=*next]j})))

—(3i, i=k Anext[i]’=r8)
Vi

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)

A ((pID=k A IsReader) A ‘next{k|=r1 A ‘m.cnt=1)

A (Y], ((j=k Anext]j}]>=NextLabel(r1)) v (jzk Anext[jI’=*next[j])) )
'.

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next[k]=r!l A ‘m.cnt=1)

A (i, ((i=k Anext[j]’=r2) v (i#k Anext[j]’=next[j])) )
I..

—(3i, i=k Anext[i]’=riscAtPww)
'.

Vs’
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{get function value of NextLabel(r1)}

{get function value of NextLabel(r1)}



NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt=1)

A (Vi, ((7=k Anext[j’=NextLabel(r1)) v (j=k Anext[j]’=‘next{j])))
NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=rl A ‘m.cnt=1)

A (Vi, (((=k Anext[j]’=r2) v (jk Anext[j]’=*next{j])} )

—(3i, i=k A(next[i]’=w2 v next[i]’=w3))

Vie’

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next[k]=rl1 A ‘m.cnt=1)

A (Vi, ((j=k Anext[j]’=NextLabel(r1)) v (j=k Anext[j]’=*next[j])) )
NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=rl A ‘m.cnt=1)

A (Vj, ((=k Anext[j]’=r2) v (j=k Anext[j]’="next[j])) )

—(@3i, i=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))

Vi
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Chapter 9

Conclusions and Future Work

9.1 Summary

In this thesis, we presented a method that uses Tabular Expression to inspect
concurrent programs. The inspection is based on (1) making the control pointers of
the program explicit; (2) the preparation of a precise mathematical description, a
program-function table, of the code; (3) the expression of a system invariant that
captures the global properties in order to examine one process (column) at a time.

The approach is built mainly on the following facts:
1. A concurrent program, when executed, has equivalent non-deterministic

sequential counterparts [5][6][13][14]. Every set of concurrent interacting processes
(such as readers and writers) has the same behavioral effect as a single non-

deterministic program.
2. John von Neumann’s principle [39][60] states that the program state can

be converted into data state.

3. The “Divide and Conquer” policy [48][53][57] helps eliminate the
problem of overlooking possible cases when inspecting a complex product.

4. Tabular expressions [44][48][49][52] can be used to describe the program
behavior in a more convenient and understandable fashion and make it easier to

apply the "Divide and Conquer” principle.
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9.3 Future Work

In the future research, we can apply the method to examples in which the program
contains potential defects that need to be detected.

The most challenging part of this method is to identify an invariant that is strong
enough. In this work, we found that our process of recognizing the right invariant
was somewhat iterative. Each unsuccessful proof attempt led to a closer
investigation for a stronger invariant, which required necessary changes both on the
table and on the invariant. However, this iterative process may be eliminated if the
target program is fully understood when inspection starts.

The next step in this research would be to find automated assistance in the
mechanical steps of verifying that the invariant does not change in each column. A
research project'’ has been initiated where an interactive theorem-proving tool such

as PVS has been used to automate the proof.

For the long run, we can try to find algorithms for extracting program invariant from

the analysis of the program.

17 David Parnas, Mark Lawford, and Vera Pantelic(graduate student), SQRL, Computing and Software
Department, McMaster University
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Appendix A

Tabular Representation of the
SET Specification

Type[54] SET

Operations:

ISEMPTY(s, resuit): to check whether s is empty.

l¢§113=0 |‘5|¢0
s'= ‘s ‘s
result’= | true false

ADDC(s, x, added): to add an element x to the set s.

‘X g's ‘X € ‘s
s'= 'sufx} | ‘s
added’= | true false A NC(x)

CHOOSECs, x, chosen): to randomly choose one element from s, return that element x of
s and remove x from s.

I's| #0 I's|=0
§’= ‘s-{x} %)
x’ (x’e‘s)a (xX’¢s’) | (xX’=%)
chosen’ = | true false

% «s] denotes the cardinality of set s.
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Appendix B

The Complete Proof of the Invariant Property of the Program

Column 3+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS?’
Given ‘INVARIANTS
A NC(rdcent, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘nextlk]=r1 A ‘m.cnt<1) {column condition}
A m.ent’=‘m.cnt-1
A m.set’=‘m.set U {k}
A (Y], =k A next[j]’=waitAtPm1) v (j=k A next[j]’=*next[j])))
proof:
Since all of the variables in the invariant clauses rpy, rpy, V), Vi, Vi, Vi, Vi, V7 are not changed, the truth value of them will not change, hence, they will be true
with the after-values of the variables. For the invariant clauses that have variables changed in the state change, we will prove them onc at a time as below:
‘VS

‘m.cnt<l]

F {substitute ‘m.cnt for (m.cnt’+1)}
m.cent™+1< 1

F
m.cnt’s 0

I..

m.cnt’<l1

\ L%

Vg

A (( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt<1)

A NC(rdent, rd, wt, w.cnt, w.set)

A (V] ((7=k Anext|j]’=waitAtPm1) v (j#k Anext[j]’=next[j])) )

{replace ‘Vy with its definition}
(Cw.cnt<I=> ((‘wt=1A*rd=0) v (‘rd21Awi=0)v (‘rd=0 A‘wt=0 A(3t, (‘next[t]=rIseAtPwr vinext[tj=riseAtPww)))))
{bold font means replacement between current step and last step}
A (( pID=k A IsReader) A ‘next[k]=rl A ‘m.cnt<l)
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A NC(rdent, rd, wt, w.cnt, w.set) A (Y], ((j=k anext[j]’=waitAtPm1) v (jzk anext[j]’="next[j])) )
'.
(‘w.ent<l= ((‘w=lArd=0)v(‘rd21A*w=0)v(‘rd=0 A‘wt=0 A (3t, (t=kv zk)A (‘next[t]=rIseAtPwr v¢next[t]=risecAtPww)))))
A (‘next(k]=rl1)
A NC(rdent, rd, wt, w.cnt, w.set) A (Y], ((j=k Anext[j]'=waitAtPm1) v (jzk Anext[j]’='next[j])) )
I.
(‘weent<l= ((‘wt=1Ard=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A (3t, (t=k A (‘next{t]=riscAtPwr v*next[t]=rlscAtPww))
Vv (t2k A (‘next[t]=rIscAtPwr v¢next{t]=riscAtPww))) )))
A (‘next[k]=r1) A NC(rdcnt, rd, wt, w.cnt, w.set) A (V], ((j=k Ancxt[j]’= waitAtPm1) v (jzk Anext{j]’="next[j])) )

(‘w.ent<l= ((‘wt=1Ard=0)v(*rd21A*wt=0)v(‘rd=0 A‘wt=0A (3t, Falsev (tzkn (‘next[t]=rlscAtPwr v'next[t]=rIscAtPwW))) )))
A (‘next[k]=r1) A NC(rdcnt, rd, wt, w.cnt, w.set) A (V], ((j=k Anext[j]’= waitAtPm]) v (jzk anext[j]’=*next[j])) )

(‘w.ent<l=> ((‘wt=1A‘rd=0)v(‘rd21A‘wt=0)v (‘rd=0 A‘wt=0 A (3t, (tka (‘next[t]=rIscAtPwr v¢next|t|=rIscAtPww))) )))

A (‘next[k]=r1) A NC(rdcnt, rd, wt, w.cnt, w.set) A (V], ((7=k Ancxt[j]’= waitAtPm1) v (j2k Anext[j]’=*next(j})) )
{substitute corresponding after-values for ‘wt, ‘rd, ‘w.cnt, ‘next}

w.ent’<1=> ((wt'=1Ard’=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 ASt, (t=ka (next[t]’=rIscAtPwr vnext[t]'=riscAtPww)))))
Vs’

(( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt<1)

A NC(rdcent, rd, wt, w.cnt, w.sct)

A (Vj, ((=k Anext[j]’=waitAtPm1) v (j=k Anext[j]’=*next[j])) )

(‘next[k]=r1)
A NC(rdent, rd, wt, w.cnt, w.set) A (Vj, ((7=k Anext[j]’=waitAtPm1) v (jzk Anext[j]’=*next[j])))

—=(3i, i=k A(next[i]’=r3vnext[i)’=rlseAtPwrvnext|i]’=rdvnext{i]’=rSvnext[i]’=révnext[i]’=rlscAtPm2vnext[i]'=r7))
\7Y

(( pID=k A IsReader) A ‘next{k}=r1 A ‘m.cnt<1)

A NC(rdent, rd, wt, w.cnt, w.sct)

A (], ((7=k Anext[j]’=waitAtPm1) v (jzk Anextlj]'=*next{j])) )

(‘next[k]=r1)
A NC(rdent, rd, wt, w.cnt, w.set) A (Y], ((j=k ancxt[j]'=waitAtPm1) v (jzk anext[j]*="next[j])) )
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=(3i, i=k Anext{i]’=riseAtPwr)

'.
F
|.
F

l..
|.
l.

Vo'

(( pID=k A IsReader) A ‘next{k|=r1 A ‘m.cnt<1)
A m.cnt’=‘m.cnt-1

‘m.cnt< 1 A m.ent’="m.cnt-1
m.cnt’< 0

m.ent’< 1

Vi’

‘Viz

A NC(rdcnt, rd, wt, w.cnt, w.set)

A (( pID=k A IsReader) A ‘nextfk}=r1 A ‘m.cnt<1)

A (Y], ((7=k Anext{j]’= waitAtPm1) v (jzk Anext[j]’=‘next(j]}) )
{replace V,, with its definition}

@i, i=k A(‘next[i]=r1v‘next[i]=riseAtPmiv‘next{i]=r2v*next[i]=rdv*nextfi]=r5v*next[i]=r6v*‘ncxt[i]=riseAtPm2v‘next{i]=r7v*‘next[i]=r9)) =>‘rd=‘rdcnt
A NC(rdent, rd, wt, w.cnt, w.sct)
A (( pID=k A IsReader) A *nextk]=rl A ‘m.cnt<1)A (Vj, ((j=k Ancxt[j]’= waitAtPm1) v (j2k anext[j]’=‘next(j])) )

‘rd=*rdent A NC(rdcnt, rd, wt, w.cnt, w.sct)
rd’=rdcnt’

Vi’

NC(rdcnt, rd, wt, w.cnt, w.set)

A ((pID=Kk A IsReader) A ‘next[k]=r1 A ‘m.cnt<I)

A (V], ((J=k Anext[j]’= waitAtPml) v (jzk Anext[j]'=*nextj]})) )

NC(rdcnt, rd, wt, w.cnt, w.set) A (V], ((7=k Anext[j]'= waitAtPm1) v (jzk ancxt[j}'="next[j])) )
A=(3i, i=k A(next[i]’=r3 v next|i]'=rlscAtPwr))

F

Vi’
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NC(rdcnt, rd, wt, w.cnt, w.sct)
A (( pID=k A IsReader) A ‘next{k]=r1 A ‘m.cnt<1)
A (V] ((j=k Anext[j]’= waitAtPm]I) v (jzk Anext[j]’=*next([j])) )

NC(rdent, rd, wt, w.cnt, w.set) A (Vj, ((=k Anext[j]’= waitAtPm1) v (jzk Anext[j]'=‘next[j])) )
A—(3i, i=k Anext[i]’=r8)
F

vy

NC(rdcnt, rd, wt, w.cnt, w.sct)
A (( pID=K A IsReader) A ‘next{k]=rl A ‘m.cnt<1)
A (Y], ((i=k Ancxt[j]’= waitAtPm1) v (j#k Anext[j]’="next][j]}) )

NC(rdent, rd, wt, w.cnt, w.set) A (V], ((j=k Anext[j]’= waitAtPm]) v (jzk anext(j)'=‘next(j])) )
A3, i=k Anext[i]’=rlseAtPww)

F

Vs’

NC(rdcnt, rd, wt, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=rl A ‘m.cnt<1)

A (Y], ((i=k Anext[j]’= waitAtPm1) v (j#k Anext[j]’=*next[j])) )
NC(rdcent, rd, wt, w.cnt, w.sct)

A (Y], ((5=k Anext[j]'= waitAtPm1) v (jzk Anext[j}'=*next[j])) )
A-(3i, i=k A(next[i]’=w2 v next([i}]’=w3))

V'

(( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt<I)

A m.ent’=‘m.cnt-1

A (Vj, ((=k Anext[j]’= waitAtPm1) v (j#k Anext{j]’=*next[j])) )

‘m.ent< 1 A m.ont’=‘m.cnt-1
A (], ((7=k Anext[j)'= waitAtPml) v (jzk Anext[j]'="next[j])) )

m.ent’< 0 A (Vj, ((5=k anexi[j]'= waitAtPm1) v (jzk ancxtfj]’=*next(j])))

Vi
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Column 4+32*(k-1) for k=I...n, where n is the number of Readers:

Prove: INVARIANTS’

Given ‘INVARIANTS
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ((pID=K A IsReader) A ‘next[k|=waitAtPm]) {column condition}
A (Y, ((i=k A next[jl’=*next[j]) v (jzk A next[j]’=*next[j])))

proof:

Since all of the variables in all of the invariant clauscs are not changed, the truth value of them will not change, hence, they will be true with the after-values of
the variables.

Column 5+32*(k-1) for k=1...n, where n is the number of Readers:

Prove: INVARIANTS®

Given ‘INVARIANTS
A NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsReader) A ‘next{k|=rlseAtPmI) {column condition}
A (Y], (j=k anext[j]’=NextLabcl(rlscAtPm1)) v (j=k Anext[j]’=*next([j])))

proof:

Since all of the variables in the invariant clauses rpy, rpy, V), V2, Vi, V, Vs, Vg, V4 are not changed, the truth value of them will not change, hence, they will be
truc with the afler-values of the variables.

For the invariant clauses which have variables changed in the state change, we will prove them onc at a time as below:
‘vll
A NC(rdcnt, rd, wt, m.cnt, m.sct, w.cnt, w.set)
A (( pID=K A IsReader) A ‘next{k}=rlscAtPm1)
A (V], ((J=k Anext[j]'=NextLabcel(rlseAtPm1)) v (jzk Anext[j]’=‘next(j})})

{replace for 'V with its definition}
(‘w.ent<|=((‘wt=1A rd=0)v(*rd21 A*wt=0)v(‘rd=0A*wt=0A(3t, (‘next|t]=riscAtPwrv‘next[t]=riscAtPww)))))
A NC(rdent, rd, wt, m.cnt, m.sct, w.cnt, w.set)
A {( pID=k A IsReader) A *next[k]=rlscAtpml)
A (9], ((1=k Anext[j]’=NextLabel(rlseAtPm1)) v (jzk Anext{j]’=‘next([j])) )
}_
(‘w.ent<I(('Wt=1A rd=0)v(*1d2 | A' wt=0)v(‘rd=0 A'wt=0 A (3, (‘next[t]=rlscAtPwr v*nextft)=riscAtPww)))))
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (*next[k|=rlscAtPml)
A (Y], ((G=k ancxt[j]'=NextLabel(rlseAtPm1)) v (jzk anext([j]'=next(i])) )

(‘w.ent<l= ((‘W=1Ard=0)v(*rd2 1A wi=0)v(* rd=0A‘wi=0A(3t, (1=kv t2K)A(*next|t]=rlseAtPwrv next|t|=rlscAtPww)))))

A NC(rdent, rd, wt, m.cnt, m.sct, w.cnt, w.set) A (‘next{k]=rlsecAtPm]1)
A (Y], ((5=k Anext[j]’=NextLabel(rlscAtPm1)) v (j=k Anext(j])’="next[j])) )
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l.

F

(‘w.ent<l= ((‘WEIA‘rd=0)v(‘rd21A‘wt=0) v

(‘rd=0 A*wt=0A(3t, (t=kA(‘next|t]=rlseAtPwrv‘next[t]=rIseAtPww))v(tzk A(‘next[t]=rlseAtPwrv‘next[t]=rIscAtPwW))))))
A NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next[k]=riscAtPmI)
A (), ((G=k Anext[j]’=NextLabel(rlseAtPm1)) v (jzk Anext[j]’=‘next[j])) )

(‘w.ent<l= ((‘Wt=1Ard=0)v(‘rd21Awt=0) v (‘rd=0 A‘wt=0 A (3t, Falsev (t2ka (‘next[t]=rlseAtPwr v‘next[t]=riseAtPww))) )))
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next{k]=rlseAtPm1)A (V], ((j=k Anext[j]’=NextLabel(rlseAtPm1)) v (jzk Anext[j]'='next[j])) )

(‘w.ent<1= ((‘WEIA rd=0)v(‘rd21A'wt=0) v (‘rd=0 A‘wt=0 A (3t, (t2ka (‘next[t]=rlscAtPwr vnext(t]=rlscAtPww))) ))) ‘ .
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next[k]=rlscAtPm1)A (Vj, ((j=k Anext[j]’=NextLabel(riseAtPm1}) v (jzk Ancxt[j]"=‘next[j])) ) '
{substitute corresponding after-values for ‘wt, ‘rd, ‘w.cnt, ‘nextin ‘Vy}

w.ent’ <l ((w'=1Ard*=0)v(rd’2IAwt’=0)v(rd’=0 Awt’=0A(3t, (t2ka (next[t])’=rIseAtPwrvnext[t]’=riseAtPww)))))
w.ent<l=>((wt'=1Ard’=0)v (rd’21Awt’=0)v(rd’=0 Awt’=0A3t, (next[t]’=rlseAtPwr vnext[t]’=riscAtPww))))
vy

NC(rdcnt, rd, wt, m.cnt, m.sct, w.cnt, w.sct)
A ((pID=k A IsReader) A ‘next[k]=rlseAtPm1)
A (Vj, ((i=k Anext[j]’=NextLabel(rlseAtPm1)) v (jzk Anext[j]’="next[j])) )
{get function value of NextLabel(riseAtPm1)}
NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (‘next{k]=riseAtPm]l)
A (V), ((i=k Anext[j]’=r2) v (j=k Anext[j]’=‘next(j])) )

—@3i, i=k A(next{i]’=r3 v next{i]’=rIseAtPwr v next[i]*=rdv next[i]’=r5 v next[i]’=r6 v next[i]’=rlscAtPm2vnext|[i]’=r7))

vy

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=rlscAtPm1)

A (V], ((=k Anext[j]’=NextLabel(rlscAtPm1)) v (j#k Anext[j]’=*next|j
@ il ( M ul iy {get function value of NextLabel(rlseAtPm1)}
NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)

A ‘next[k]=rlscAtPm1

A (Y], ((=k Anext[j]’=r2) v (j=k Anext[j]’=*next(j])))

—(3i, i=k Anexti|’=rlscAtPwr)

VIO’
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l..

F

F

|.

Vi

A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=rlscAtPm1)

A (Vj, ((i=k Anext{j]’=NextLabel(rlseAtPm1)) v (j=k Anext[j]’=*next[j])))

@i, i=k A(*next[i]=rlseAtPmiv‘next|i]=r2 v*next]i]=r3v‘next{i]=riseAtPwr
venext(ij=rd v'next|i]=rlseAtPm2 v*next(ij]=r7 v‘next[i]=r8 v‘next[i|=r9)) =*‘m.cnt<1
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘next|k]=rlseAtPm1
A (Y], ((=k Anext[j]’=NextLabel(rlscAtPm1)) v (jzk Aancxt[j]'=‘next[j])) )

‘m.cnt<1
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (Y], ((Fk Anext[j}’=r2) v (j#k anext{j]’=*next]j])) )

m.cnt’<1A (¥, ((=k Anext[j]’=r2) v (j=k Anext[j]'=*next(j])) )

Vi’

‘Vip

A NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next{k|=rlseAtPm1)

A (V], ((J=k Anext[j]’=NextLabel(rlscAtPm1)) v (j#k anext{j]’=*next([j])) )

@3i, i=k AC‘next{il=r1 v*next[i]=riseAtPmIv‘next[ij=r2 v*nextfij=r4

venext[i]=r5 vénext[i|=rév*next[i]=rlseAtPm2 v*next|i}=r7 v*next|i]=r9)) = ‘rd=‘rdcnt

A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘next{k])=rlscAtPm1
A (¥, ((j=k Anext[j]'=NextLabel(riseAtPm1)) v (jzk anext[j]’="next{j})) )

‘rd=*rdcnt A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (], (i=k Anext[j]’=r2) v (jzk anext[j]’='next[j])) )

rd’=rdent’
V'

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsReader) A ‘next[k]=rlseAtPm1)
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A (V], ((1=k Anext|j]’=NextLabel(rlscAtPm1)) v (jzk Anext[j]’=*next[j])) )

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (Vj, ((1=k Anext[j]’=r2) v (j=k anext{j]’=*next{j])) )

=(3i, i=k A(next[i]’=r3 v next[i]’=rlseAtPwr))

Vi’

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next[k]=rlscAtPml)

A (Vj, ((i=k Anext[j]’=NextLabel(rlseAtPm1)) v (jzk Anext[j]’=*next|j])) )
NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct) A (Vj, ((j=k Anext[j]’=r2) v (jzk anext[j]’=*'next]jl)) )
—(3i, i=k Anext[i]’=r8)

Vi

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.sct)

A ((pID=k A IsReader) A ‘next[K|=rlscAtPml)

A (], ((7=k Anext[j]’=NextLabel(rlscAtPm1I)) v (j=k Anext[j]’=*next[j])) )

NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (Y, ((j=k Anext[j]’=r2) v (j2k Anext[j]’=‘next[j])) )

—@3i, i=k Anext[i]’=riscAtPww)

Vs’

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next{k]=rlseAtPm1)

A (%], ((=k Anext[j]’=NextLabel(riseAtPm1)) v (j=k anext[j]’=*next[j])) )

NC(rdent, 1d, wi, m.cnt, m.sct, w.cnt, w.set) A (V], (G=k Anext[j]’=r2) v (jzk anext{j’=*next{j}) )
=@, =k A(next[i]’=w2 v next[i]’=w3))

Vie’
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NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsReader) A ‘next[k]=riseAtPm1)
A (V), ((i=k Anext[j]’=NextLabel(rlseAtPm1)) v (jzk Anext|j]’=‘next[j])) )
{get function value of NextLabel(rlseAtPm1)}
NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (Y, ((=k Anext]jI’=r2) v (j#k Anext[j]’=‘next|j])) )

—=(3i, i=k A(next{i]’=waitAtPm1 v next[i]’=waitAtPm2))
Vi’

Column 6+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS
A NC(rd, wt, m.cnt, m.sct, w.cnt, w.sct)
A (( pID=k A IsReader) A ‘next{k|=r2) {column condition}
A rdent’=‘rdent+1
A (V), (i=k Anext[j]’=NextLabel(r2)) v (j2k anext{j]’=‘next[j})))
proof:
Since all of the variables in the invariant clauses rpy, rpa, Vi, Va, Vi, Vs, Vs arc not changed, the truth value of them will not change, hence, they will be true
with the afier-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them onc at a time as below:
!v’
A rdent’=*rdent+1
‘rdent20 A rdent’=‘rdent+1
F {substitute for ‘rdcnt with rdent’-1}
rdent’ 2 1
'..

rdent’ 20

vy

‘V1 A‘Vu

A (( pID=k A IsReader) A ‘next(k]|=r2)
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A rdent’=‘rdent+1

{replace ‘V,, 'V, with its definition}
‘rdent>1=> ‘rd21
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A@i, i=k A(‘next|if=r1v‘next[i|=rlscAtPmv*next[i]=r2v‘next[i]=rdv*‘next[i|=r5v*next[ij=r6v*‘next[ij=rlseAtPm2v*next[i]=r7v*next|ij=r9))=>‘rd=*rdcnt

A (( pID=k A IsReader) A ‘next[k]=r2)
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set) A rdent’=‘rdcnt+1
|.
‘rdent>1= ‘rd2]
A ‘rd=‘rdcnt
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set) A rdent’="rdent+1
| (substitute for ‘rdcnt, ‘rd with rdent’-1, rd’}
(rdent’-1 >1 = rd’21)
A (rd’=rdcnt’-1)
I..
(rdent’>2 = rd’21)
A(rdent’=2 = rd’= 1)

(rdent’22 = rd’21)

(rdent’>1 = rd’21)

vy

‘Vg
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘rext[k]=r2)
A (Vi, ((i=k Anext[j]’=NextLabel(r2)) v (j#k Anext[j]’=‘next(j]}) )
{replace 'V; with its definition}

(‘w.ent<l=s ((‘wt=1A‘rd=0) v (‘rd21A‘wt=0)v (*rd=0 A‘wt=0 AGt, (‘next{t]=rIscAtPwr v'next[t]=riscAtPww)))))

A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r2) A (Vj, ((j=k anext[j]'=NextLabel(r2)) v (jzk anext[j]’="next[j])) )

F

(‘w.ent<l= ((‘wi=1A'rd=0) v (‘rd2] A'wt=0)v(*rd=0 A*wt=0 A (31, (‘next[t)=riscAtPwr v*'next[t]=rIscAtPww)))))
A NC(rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (‘next{k]=r2)a (Vj, ((j=k Anext[j]’=NextLabel(r2)) v (j=k Ancxt[j]'="next(j])) )

(*w.ent<l=> ((‘wt=1A‘rd=0)v(‘rd21A*wit=0) v{‘rd=0 A‘wt=0 A @3t, (kv t2k)A (‘next{t]=riscAtPwr vinext[t]=riseAtPww)))))
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next[k]=r2) A (Vj, ((j=k Anext[j]’=NextLabel(r2)) v (j2k anext[j]'=next(j])) )

l.

(‘w.ent<l=> ((‘wt=1A‘rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A'wt=0 A 31, (=k A (‘next[t]=rIseAtPwr v'next[t]=riseAtPww))v (tzk A (‘next[t}=rlscAtPwr v*nextitl=riscAtPww))) )))
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ANC(rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next{k]=r2) A (¥j, ((;=k Anext[j]’=NextLabel(r2)) v (jzk anext[j'’="next[j})) )
I.

(‘w.ent<l= ((‘wt=lA‘rd=0)v(‘rd21A‘wt=0) v

(‘rd=0 A‘'wt=0 A (3t, False v (tzka (‘next[t]=rlseAtPwr v‘next|t]=riseAtPww))))))

ANC(rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next[k]=r2) A (V], ((j=k anext[j]'=NextLabel(r2)) v (j2k ancxt[j]'=*next[j])) )
|..

(‘w.ent<]= ((‘wt=1Ard=0)v(‘rd21A*wt=0) v (‘rd=0 A‘wt=0 A 3t, (t2kn (‘next[t]=rlseAtPwr v‘next{t]=riseAtPww))) )))

A NC(rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next[k]=r2) A (V]j, ((j=k anext[j]'=NextLabel(r2)) v (jzk Anext[j]’='next[j])))

{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values)
w.ent’<]= ((wt'=1Ard’=0) v (rd’2IAwt’=0)v(rd’=0 Awt’=0 A(3t, (tzkna (next|t]’=riseAtPwr vnext[t)’=riscAtPww)))))

w.ent’<1= ((wt'=1ard’=0) v (rd’21Awt’=0) v (rd’=0 Awt’=0 A(3t, (next[t]’=riscAtPwr vnext[t]’=riseAtPww))))

\ /Y
lv3

A rdent’=‘rdent+1
{replace 'V, with its definition}

‘rdent 2 0 A rdent’="rdcnt+]

rdent’2 1

rdent’™> 0

T T T

vy’

NC(rd, wt, m.cnt, m.sct, w.cnt, w.sct)
A (( pID=k A IsReader) A ‘next[k]=r2)

A (Y, ((7=k Anext|j]’=NextLabel(r2)) v (jzk anext[j]’=*next[j])) )
{get function value of NextLabel(r2))

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A ‘next[k]=r2

A (V], (=K Anext[j]’=r3) v (j#k Anext[j]’=*next[j])) )
—(3i, i=k Anext[i]’=riscAtPwr)

Vie'
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F

F

Vi
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next{k]=r2)
A (Vj, ((=k Anext[j]’=NextLabel(r2)) v (j#k Anext[j]’=*next[j})) )
{replace 'V,, with its definition}
(3i, i=k A(*nextfi]=riseAtPm1v‘next]ij=r2 v*next[i]=r3v*next|i]=riscAtPwr
vénext[i]=r4 v'next[i]=rlseAtPm2 v*‘next{i]=r7 v‘next{i]=r8 v‘next|[i]=r9)) =‘m.cat<1
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next{k|=r2
A (], ((=k Anext[j]’=NextLabel(r2)) v (j#k anext[j)’=‘next[j])) )
{get function value of NextLabel(r2))
‘m.cnt<1
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set) A ‘next[k]=r2
A (Vs ((i=k anext{j]’=r3) v (jzk Anext[j]>=*next[j])) )

m.cnt’<1A (Vj, ((7=k anext[j]’=r3) v (jzk anext[j]’="next[j])) )

Vi’

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r2)

A (Vj, ((7=k Anext[j]’=NextLabel(r2)) v (jzk anext[jI’=‘next|j])) )
{get function value of NextLabel(r2))

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A (Vj, ((j=k Anext[j]>=r3) v (j=k Anext{j]’=*next[j])) )

—(3i, i=k A(next[i]’=r1 vnext[i]’=rlscAtPm1v next[i]’=r2 v next[i]’=rdv next[i]'=r5 v next[i]'=r6 v next[i]’=rlseAtPm2 v next{i]’=r7 v next{i]’=r9))

Vi

‘Via

A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A rdent’=‘rdcnt+1

A ((pID=k A IsReader) A ‘next[k]=r2)

A (Y], ((J=k Anext[j]’=NextLabel(r2)) v (jzk anext[j]’=next[j])) )
{replace 'v,; with its definition}

3, i=k A(‘next{i]=riv*next{i]=riscAtPmlv'next{i]=r2v‘next]i|=r4
vnext[i]=r5 v'next[i]=r6 v*nextlil=riseAtPm2 v‘next|i]=r7 v*next|i}=r9))=>*‘rd=*‘rdcent
A NC(rd, wt, m.cnt, m.set, w.cnt, w.sct)
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A ‘next[k]=r2
A (¥, ((j=k anext[j)’=NextLabel(r2)) v (jzk Anext[j]’=‘next[j])) )

‘rd=*rdcntA NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A (Y], ((G=k Anext[j]’=r3) v (j2k Anext{j]’=*next(j])) )

{get function value of NextLabel(r2))

{substitute for ‘rd, ‘rdcntt with corresponding after-values}

rd’=rdent’-1A (Y, ((=k Anext[j]'=r3) v (j=k Anext[j]’='next[j})) )

A£TN

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next|k])=r2)

A (V), ((i=k Anext{j]’=NextLabel(r2)) v (j=k anext[j]’=‘next[j])) )

NC(rdcent, rd, wt, m.set, w.cnt, w.set) A (Vj, ((j=k Anext[j]’=r3) v (j2k Anext{j]’=*next[j])) )
=(@3i, i=k A(next{i]=r8))

Vi

NC(rd, wt, m.cnt, m.sct, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k|=r2)

A (], ((j=k Anext[j]’=NextLabel(r2)) v (j=k Anext[j]’="next{j])) )

NC(rdcnt, rd, wt, m.set, w.cnt, w.set) A (V], ((j=k Anext[j]’=r3) v (j=k Anext[j]’=‘next{j]})) )
=(3i, i=k Anext|i]’=riscAtPww)

Vs’

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next|k}=r2)
A (V], ((7=k anext[j]’=NextLabel(r2)) v (jzk anext[j]’=*next[j))) )

NC(rdent, rd, wt, m.set, w.cnt, w.set) A (V], ((j=k anext[j]'=r3) v (j=k anext(j]’=‘next(j])) )

F

=@, i=k A(next[i]’=w2 v next[i]'=w3}))

Vie'
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NC(rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (( pID=Kk A IsReader) A ‘next(k]=r2)
A (¥, (G=k Anext[j]’=NextLabel(r2)) v (jzk Anext[j]>=*next[j])) )
{get function value of NextLabel(r2))
NC(rdcnt, rd, wt, m.sct, w.cnt, w.set)
A (Y, ((j=k Anext[j]’=r3) v (j=k Anext[j]’=*next(j]}) )

—~@3i, i=k A(next[i]’=waitAtPm] v next[i]’=waitAtPm2))
Vi?'
Column_7+32*(k-1) for k=1...n, where n is the number of Readers:

Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent=1 A ‘w.cnt>1)

{column condition}

‘v‘
‘w.cnt<l

F

—(*w.cnt>1)

— (( pID=Kk A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt>1)
Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 8+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k|=r3 A ‘rdcnt=1 A ‘w.cnt=1) {column condition}
A NC(rdcnt, wt, m.cnt, m.sct, w.set)
Ard’=‘rd+1
A w.ent’=*w.cnt-1
/} (), (j=k Anext[j]’=NextLabel(r3)) v (jzk Anext[j]’=next[j]))
proof:
Since all of the variables in the invariant clauscs rp;, Vi, V3, Vs are not changed, the truth value of them will not change, hence, they will be true with the after-
values of the variables.
For ‘l|‘1,c invariant clauses which have variables changed in the state change, we will prove them onc at a time as below:
3
A (( pID=k A IsReader) A ‘next|k|=r3 A ‘rdent=1 A ‘w.cnt=1)
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A NC(rdcent, wt, m.cnt, m.set, w.set)

(‘w.ent=1=> (‘wt=0 A ‘rd=0))
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent=1 A ‘w.cnt=1)A NC(rdcnt, wt, m.cnt, m.set, w.set)
I.
‘wt=0 A ‘rd=0
k {substitute wt' for ‘wt}
k

wt'=0

wt’=0 v rd’=0

A rd’=‘rd+1

‘rd20 A rd’="rd+1
F {substitute rd’-1 for ‘rd}
rd’-120
8
rd'21
F
rd’20

vy’

‘V4
A w.ent’=‘w.cnt-1

‘w.ents 1 A w.ent'=‘w.ent-1

F (substitute w.cnt'+1 for ‘w.cnt}
w.cnt’+1<1

F

w.ent’s 0
}.

w.ent’s 1

v
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cva
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt=1)
A w.ent’=‘w,cent-1

‘w.ent=1 A w.cnt’=‘w.cnt-1
{substitute w.cnt'+1 for ‘w.cnt}
w.cnt’=0

=(w.cnt’=1)

T T T T

\ /%

¢v1

A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cat=1)
A NC(rdent, wt, m.cnt, m.set, w.sct)

‘rdent=1
{substitute rdcnt’ for ‘rdcnt}

rdent’=]

=(rdent’> 1)

T T T 7T

\Z

lv‘
A ((pID=k A IsRecader) A ‘next{k]=r3 A ‘rdent=1 A ‘w.cnt=1)
A NC(rdcnt, wt, m.cnt, m.set, w.set)
A w.ent’=‘w.cnt-1
A rd’=‘rd+1
A (Y], (i=k Anext{j]’=NextLabel(r3)) v (i#k Anext[j]’=next|j])))
{replace ‘V with its definition}

‘w.ent=1 = (‘wt=0 A ‘rd=0)

A (( pID=k A IsReader) A *next[k]=r3 A ‘rdcnt=1 A ‘w.cnt=1)

A NC(rdent, wt, m.cnt, m.set, w.set) A w.ent’='w.cnt-1 A rd’=‘rd+1 A (Vj, (j=k anext[j]'=NextLabel(r3)) v (jzk Anext[j]'=*next[j])))
F

(‘wt=0 A ‘rd=0)

A ‘w.ent=1
A NC(rdent, wi, m.cnt, m.set, w.set) A w.ent’='w.cnt-1 A rd’='rd+1 A (Vj, (j=k anext[j]’=NextLabel(r3)) v (jzk ancxt[j]’='next[j])))
{substitute for ‘rd, ‘w.cnt, ‘wt with corresponding after-values}
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I_
'.

F

w.ent’=0 A (rd’=1 A wt'=0)
w.cnt’<] A (rd’21 A wt’=0)
vy’

NC(rdent, wt, m.cnt, m.set, w.sct)
A (( pID=k A IsRcader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt=1)

rdent’=1

rdent’> 0

vy

NC(rdcnt, wt, m.cnt, m.set, w.set)

A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt=1)
A (V], (j=k Anext[j]’=NextLabel(r3)) v (j£k anext[j]’=‘next[j])))
NC(rdent, wt, m.cnt, m.set, w.set)

A ‘nextik]=r3

A (Y], ((j=k Anext[j]'=rd) v (jzk Anext[j]’=*next|j])) )

—(@3i, i=k Anextji]’=rlseAtPwr)

Vi’

Vi

A NC(rdcnt, wt, m.cnt, m.set, w.set)

A (( pID=k A IsReader) A ‘nextik]=r3 A ‘rdent=1 A ‘w.cent=1)
A (Y, (=k anext[j]’=NextLabel(r3)) v (j#k Anext[j]’=*nextj])))

@i, i=k A(‘next{ij=rlseAtPm1v*next[i]=r2 v‘next[i]=r3v‘next[i]=rlscAtPwr
vénext[i]=rd vnext|i]=riscAtPm2 vnext(i]=r7 v*next[i]=r8 v‘next[i]=r9)) =>*‘m.cnt<1

A NC(rdent, wt, m.cnt, m.sct, w.sct)
A ‘next}k]=r3
A (Vj, ((5=k anext[j]'=NextLabel(r3)) v (jzk anext[j]’=*next(j])) )

‘m.cnt<l
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F

A NC(rdent, wt, m.cnt, m.set, w.set)
A (Vj, ((=k Anext[j]’=rd) v (jzk Anext[j}’=next[j])) )

m.cnt’<1A (Vj, ((j=k Anext[j]'=rd) v (jzk Anext[j]’=‘next[j])) )
Vi’

Vi3

A NC(rdcent, wt, m.cnt, m.set, w.set)

Ard’=‘rd+1

A ((pID=k A IsReader) A ‘next|k|=r3 A ‘rdent=1 A ‘w.cnt=1)

A (Vi, (j=k Anext[j]’=NextLabel(r3)) v (jzk anext{j]’=‘next{j])))
{replace 'V, with its definition}

3i, i=k A(*next|i]=r3v*next[i]=rlscAtPwr)) =‘rd=‘rdcnt-1

A NC(rdent, wt, m.cnt, m.set, w.sct)

A ‘next[k]=r3

A (Y], ((i=k Anext[j]’=NextLabel(r3)) v (jzk anext[j]’=*next[j])) )
{get function value of NextLabel(r3)}

‘rd=*‘rdcnt-1

A NC(rdent, wt, m.cnt, m.sct, w.sct)

A (Y], ((i=k Anext[j]’=r4) v (j#k Anext[j]’=‘next[]])) )
{substitute for ‘rd, ‘rdcnt with corresponding after-values}

rd’=rdent’A (Y], ((j=k Anext[j}'=rd) v (jxk ancxt[j]’="next[j])) )

V'

NC(rdcnt, wt, m.cnt, m.set, w.set)
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent=1 A *w.cnt=1)

A (Vj, (7=k Anext[j}’=NextLabel(r3)) v (j#k anext[j]’="next[j])))
{get function value of NextLabel(r3)}

NC(rdent, wt, m.cnt, m.set, w.set) A (V], ((I=k anext[j]’=rd) v (jzk Ancxt[j]’=*next[j]})) )
=(3i, i=k A(next[i]’=r4 vnext[i]’=riscAtPwr))

Vi’

NC(rdcnt, wt, m.cnt, m.set, w.set)

A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent=1 A ‘w.cnt=1)
A (V], =k Anext[j]’=NextLabel(r3)) v (jzk anext[j]’=*next[j])))
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+ {get function value of NextLabel(r3)}
NC(rdcnt, wt, m.cnt, m.set, w.set) A (V], ((j=k Anext{j]’=rd) v (j2k Anext[j]’=*next[j])) )

—(3i, i=k Anext|i]’=r8)
Vi’

NC(rdent, wt, m.cnt, m.set, w.set)
A (( pID=k A IsReader) A ‘next{k]=r3 A ‘rdcnt=1 A ‘w.cnt=1)
A (Vj, (i=k Anext{j]’=NextLabel(r3)) v (j2k Anext[j]’=*next[j])))

{get function value of NextLabel(r3)}
NC(rdcnt, wi, m.cnt, m.set, w.set) A (Vj, ((j=k Anext[j]’=rd) v (jzk anext[j]’=*next[j])) )

=(3i, i=k Anext{i]’=riscAtPww)
Vis'

NC(rdcnt, wt, m.cnt, m.set, w.sct)
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt=1)
A (Vj, =k Anext]j]’=NextLabel(r3)) v (jzk Anext[j]’=*next{j])))
{get function value of Nextl.abel(r3)}
NC(rdent, wt, m.cnt, m.set, w.set) A (V], ((i=k anext{j]’=r4) v (j=k Anext[j]’=*next|j])))

|.

=(3i, i=k A(next[i]’=w2 v next[i]’=w3))
V¢’

NC(rdcnt, wt, m.cnt, m.sct, w.sct)
A (( pID=k A IsReader) A ‘next|k|=r3 A ‘rdent=1 A ‘w.cnt=1)
A (V], 5=k Anext[j]’=NextLabel(r3)) v (jzk Anext[j]’=*next[j])})
{get function value of NextlLabel(r3)}
NC(rdcnt, wt, m.cnt, m.sct, w.set) A (Vj, ((i=k Anext[j]’=rd) v (jzk anext[j]’=‘next[]])) )

F

=(3i, i=k A(next[i]’=waitAtPm1 v next|i]'=waitAtPm2))
Vi’

Column 9+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
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Given
‘INVARIANTS
A (( pID=k A IsReader) A ‘next{k]=r3 A ‘rdcnt=1 A ‘w.cnt<1) {column condition}
A NC(rdent, rd, wt, m.cnt, m.set)
A went’=‘w.cnt-1
A wset’=‘w.set U {k}
A (Vj, (1=k anext[j]’=waitAtPwr) v (j2k Anext[j]’=next[j])))

proof:
Since all of the variables in the invariant clauses rp,, rp, V;, Vi, Vs, Vs, V5 are not changed, the truth value of them will not change, hence, they will be true

with the after-values of the variables.

For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:
cv‘
A w.ent’=‘w.cnt-1

‘w.ents | A went’="w.ent-1
{substitute w.cnt’+1 for ‘w.cnt}

F
w.cnt’+1<1
F
w.ent’< 0
}.
w.ent’s ]

\ ¥

v,

‘w.cntS 1 A went’=‘w.cnt-1

{substitute w.cnt'+1 for ‘w.cnt}
w.ent’+1<1
went’s0

—~(w.ent’=1)

T T T 7T

Ve

Vg
A ((pID=k A IsReader) A ‘nextik]=r3 A ‘rdcnt=1 A ‘w.ent<1)
A NC(rdent, rd, wt, m.cnt, m.sct)
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A w.ent’=‘w.cnt-1
A (V], 5k Anext[j)’=waitAtPwr) v (jzk Anext[j]’=*next[j])))

{replace ‘Vg with its definition}
‘w.ent<l = ((‘w=1Ard=0)v(‘rd21A‘'wt=0)v(‘rd=0 A*wt=0 AQt,(‘next|t]=rlseAtPwrv next[t]=riseAtPww))))
A (( pID=k A IsReader) A ‘next(k]=r3 A ‘rdent=1 A ‘w.cnt<l)
A NC(rdent, rd, wt, m.cnt, m.set) A w.ent'='w.cnt-1A (Vj, (j=k Anext[j]’=waitAtPwr) v (jzk anext[j]'=‘next[j])))

|_
‘w.cnt<l
A(wWEIA rd=0)v(‘rdZIA' wi=0)v(‘rd=0 A‘wt=0 AL, (‘next]t]=riseAtPwrvinext|t|=riscAtPww))))
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=] A ‘w.cnt<])
A NC(rdent, rd, wt, m.cnt, m.set) A w.cnt’="w.cnt-1A (Vj, (j=k Anext[j]’=waitAtPwr) v (j2k anext{j]'=*next[j])))
F {substitute for ‘w.cnt, ‘wt, ‘rd, ‘next with corresponding after-values}
w.cnt’<0

A ((we'=1Ard’=0)v(rd’21Awt’=0)v(rd’=0 Awt’=0 A3t,(next[t]’=rlseAtPwr vnext(t]'=riscAtPww))))
V.’

NC(rdent, rd, wt, m.cnt, m.set)
A (( pID=k A IsRecader) A ‘next[k]=r3 A ‘rdent=1 A ‘w.cnt<1)

rdent’= |
|_
rdent’> 0
\Z%
NC(rdcnt, rd, wt, m.cnt, m.set)
A (( pID=k A IsRecader) A ‘next{k]=r3 A ‘rdent=1 A *‘w.cnt<1)
A (Vi, (j=k Anext[j]’=waltAtPwr) v (jzk Anext|j]’=*next[j])))
NC(rdcnt, rd, wt, m.cnt, m.set)
A ‘next|k]=r3
A (Y], ((j=k Anext[j])'=waitAtPwr) v (jzk Ancxt[j]'="next[j])} )
—(3i, i=k Anext|i]’=riscAtPwr)

Vio'
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Vi
A NC(rdent, rd, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt<1)

A (i, 5k Anext[j]’=waitAtPwr) v (j=k Anext[j]’=‘next]j])))
{replace 'Vy; with its definition}

@3, i=k A(‘next[i]=rlscAtPm1lv‘next|i]=r2 v‘necxt|i]=r3v‘next|i]=riscAtPwr
vénext|i]=rd v'next[i]=rlseAtPm2 v‘next[i]=r7 v‘next|i]=r8 v‘next[i]=r9))=‘m.cnt<1
A NC(rdcent, rd, wt, m.cnt, m.sct)
A ‘next{k]=r3
A (), ((=k Anext[j]’=waitAtPwr) v (jzk anext{j]’=‘next[j])) )

F

‘m.cnt<l A NC(rdcnt, rd, wt, m.cnt, m.set)

m.cnt’<1

vy’

NC(rdcnt, rd, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt<1)
A (Y, =k Anext|j]’=waitAtPwr) v (jzk Anext[j]’=‘next{j])))

NC(rdent, rd, wt, m.cnt, m.set)A (Vj, ((j=k Ancxt[j]’=waitAtPwr) v (jzk Ancxt[j]'=*next[j])))
A3, i=k A(next[i]’=r1 vnext[i]’=rlscAtPmIv next[i]"=r2 v next[i]’=rd v next[i]>=r5 v next[i]'=r6 v next[i]'=riscAtPm2 v next|i]’=r7 v next[i]’=r9))

'.
Vi’

NC(rdcnt, rd, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent=1 A ‘w.cnt<l)
A (Vj, (j=k Anext[j]’=waitAtPwr) v (j#k Anext]j]’=next(j})))

NC(rdcent, rd, wt, m.cnt, m.set)A (¥, ((=k Anext[j]'=waitAtPwr) v (jzk Anext[j)'="next{j])) )
A~(3I, i=k A(next[i]’=r3 v next|i]’=rlscAtPwr))

F

Vi’
NC(rdcnt, rd, wt, m.cnt, m.sct)

A (( pID=k A IsReader) A ‘next{k]=r3 A ‘rdcnt=1 A ‘w.cnt<l)
A (Vj, (J=k Anext[j]’=waitAtPwr) v (jzk Anext[j]’=*next[j])))
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NC(rdcnt, rd, wt, m.cnt, m.set)a (Vj, ((j=k Anext[j]’=waitAtPwr) v (jzk Anext[j]’=*next[j])) )

A—(3i, i=k Anext|i]’=r8)
I.
Vi

NC(rdcnt, rd, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt<1)
A (Vj, =k anext[j]’=waitAtPwr) v (jzk anext[j|’=*next[j])))

NC(rdcnt, rd, wt, m.cnt, m.sct)A (Vj, ((=k Ancxt[j]’=waitAtPwr) v (jzk ancxt[j])'=*next[j})) )

A—(3i, i=k Anext[i}’=rilscAtPww)
Vs’

NC(rdcnt, rd, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt=1 A ‘w.cnt<l)
A (], (i=k Anext|j]'=waitAtPwr) v (jzk Anext(j|'=*next|j])))

NC(rdcnt, rd, wt, m.cnt, m.set)A (V, ((j=k Anext{j]’=waitAtPwr) v (jzk anext[j]’="next[j])) )

A—(3i, i=k A(next]i]’=w2 v next[i]’=w3))
Ve’

NC(rdent, rd, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next{k]=r3 A ‘rdcnt=1 A ‘w.cat<1)
A (V], (j=k Anext|[jI’=waitAtPwr) v (jzk Anext{j]'=*next[j])))

NC(rdent, rd, wt, m.cnt, m.set)a (Vj, ((=k Anext[j]'=waitAtPwr) v (jzk Anext[j]'=*next{j])) )

A3, i=k A(next[i]’=waitAtPm1 v next(i]’=waitAtPm2))
V'
Column 10+32*(k-1) for k=1...n, where n is the number of Readers:

Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next{k|=r3 A ‘rdcnt<])

‘VJ/\ ‘V,
A (( pID=k A IsReader) A ‘next[k|=r3 A ‘rdent<lI)

127

{column condition}
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(‘rdent20)
A @, i=k A(*next[i]=r3 vnext[i]=riseAtPwrv‘next[i]=rd v:next[i]=r5 v‘next[i]=r6 v‘next|i]=riseAtPm2v‘next|i]=r7))=‘rdcnt>0
A (( pID=k A IsReader) A *next[k]=r3 A ‘rdent<!)

‘rdent>0

F

—(‘rdent<1)

= (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt<1)
Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 11+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt>1 A ‘w.cnt<1) {column condition}
A NC(rdcent, wt, m.cnt, m.set, w.cnt, w.set)
A rd’=‘rd+1
A (Vj, =k Anext[j]’=NextLabel(r3)) v (J=k anext[j]’=next[j])))
proof:
Since all of the variables in the invariant clauses rp;, Vi, Vs, V4, Vs are not changed, the truth valuc of them will not change, hence, they will be true with the
after-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:
(( pID=Kk A IsReader) A ‘next{k]=r3 A ‘rdent>1 A ‘w.cnt<1)
A‘Vg A ‘V-,
A NC(rdcnt, wt, m.cnt, m.set, w.set, w.cnt)
= {replace 'V, 'V, with its definition}
(( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent>] A ‘w.cnt<1)
A(*w.ent<l=> ((CwElA‘rd=0)v(‘rd21A‘wt=0) v (‘rd=0 A‘wt=0 A(3t, (‘next(t]=riscAtPwr v'next[t]=riscAtPww))) )))
A (‘rdent>1= ‘rd21)
A NC(rdent, wt, m.cnt, m.set, w.set, w.cnt)

(‘next{k]=r3 A‘rdcnt>1 A ‘w.cnt<l)
A (‘went<l=s (wi=1A'rd=0)v(‘rd21A*'wt=0) v (‘rd=0 A*w1=0 A(3t, (‘next[t]=rIscAtPwr v*‘next[t]=rlscAtPww))) )
A (‘rdent>1=> ‘rd21)a NC(rdent, wt, m.cnt, m.sct, w.set, w.cnt)

(*next{k]=r3 A‘rdent>1 A *w.cnt<l)
A (‘w.eni<l= (Wi=1A'rd=0)v(‘rd2 1 A*wt=0)v(*rd=0 A'wt=0 A(3t, (*next[t]=rlscAtPwr v*next[t]=rlscAtPww))) )
Atrd2l
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A NC(rdent, wt, m.cnt, m.set, w.set, w.cnt)

‘rd>1 A‘wt=0 A NC(rdcnt, wt, m.cnt, m.set, w.set, w.cnt)
‘wt=0 A NC(rdcnt, wt, m.cnt, m.set, w.set, w.cnt)

wt'=0

"
"
"
"

wt'=0v rd’=0

Ly ]

GV,
Ard’=‘rd+l
l.
‘rd20 A rd'='rd+1
'.
rd’-120
|.
rd*21
|.

rd’20

A

(( pID=k A IsRcader) A ‘next(k]=r3 A ‘rdent>1 A ‘w.cnt<l)
A w.ent'=‘w.cnt

i.
‘w.ent<]
I.
w.ent’<]
'_
—(w.ent'=1)
|.
V'
‘V"

A (( pID=Kk A IsReader) A ‘next|k]=r3 A ‘rdent>1 A ‘w.cnt<l)
A NC(rdcent, wt, m.cnt, m.set, w.cnt, w.set)



{substitute wt’ for ‘wt}

{substitute rd’-1 for ‘rd}

{substitute w.cnt' for ‘w.cnt}
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Ard’=‘rd+1
= {replace 'V, with its definition}

(‘rdent>1= ‘rd21)
A ‘rdent>1
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set) A rd’=‘rd+1

‘rdent>1 A ‘rd21

{substitute corresponding after-values for ‘rdent, ‘rd }
rdent’>1 A rd’-121
rdent’>1 A rd’22

rdent’>] A rd’21

T T T T T

\4

‘V, A ‘V']

A (( pID=Kk A IsReader) A ‘next[k]=r3 A ‘rdcnt>1 A *w.cnt<I)
A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

A rd’=‘rd+1

A (Vj, =k Anext[j]’=NextLabel(r3)) v (j=k Ancxt[j}'=*next[j])))
{replace 'V,, ‘V; with its definition}

(‘w.ent<]= ((‘wt=1A'rd=0) v (‘rd21IA‘wt=0)v(‘rd=0 A‘wt=0 A3, (‘next[t]=rlseAtPwr v'next|t]=riscAtPww)))))
A (‘rdent>1= ‘rd21)
A ‘next[k]=r3 A ‘rdcnt>1 A ‘w.cnt<1
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set) A rd’=*rd+1
A (), (7=k Anext[jI'=NextLabel(r3)) v (j#k ancxt[j]'=‘next{j])))
l.
‘w.ent<IA (‘rd21A‘wt=0)
A ‘next[k]=r3 A NC(rdcnt, wt, m.cnt, m.sct, w.cnt, w.set) A rd’=*rd+1a (Vj, (j=k anext[j]'=NextLabcl(r3)) v (jzk anext[j]’=‘next[j])))

F {substitute for ‘wt, ‘rd, ‘w.cnt with corresponding after-values)
w.ent'<l A (rd’-121 A wt'=0)

'.

L w.ent’<l A (rd’21 A wt’=0)

" w.ent’<I A ((W'=1Ard’=0)v(rd’21Awt’=0) v(‘rd=0 Awt’=0 aA(next[a]’=risecAtPwr v*next[a)=riseAtPww)))
A7
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l.
|.

l.
|.

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next{k]=r3 A ‘rdcnt>1 A ‘w.cni<1)

rdent’>1
rdent’> 0
V'

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next|k|=r3 A ‘rdcnt>1 A ‘w.cnt<l)
A (V], (i=k anext|j]’=NextLabel(r3)) v (j2k Anext[j]’=*next{j])))

{get function value of NextLabel(r3)}
NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

A ‘next[k]=r3
A (¥, ((=k Anext[j]’=rd) v (j=k Anext[j]’=*next[j])) )

—(3i, i=k Anext[i|’=riscAtPwr)
Vio’

Vi
A NC(rdcnt, wt, m.cnt, m.set, w.cat, w.set)
A (( pID=k A IsReader) A ‘next[k]|=r3 A ‘rdent>1 A ‘w.cnt<l)
A (V], (i=k Anext|j]’=NextLabel(r3)) v (jrk anext[j]’=*next{j])))
{replace 'V, with its definition}
@4, i=k ACnext[i]=riseAtPmivinext]i]=r2 vnext|i]=r3v*nextli}=riscAtPwrv*next]i|=rd4 v*next|ij=riscAtPm2 v*next[i]=r7 v*next]i]=r8 v'nextli|=r9))=>‘m.cnt<1
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘nextik]=r3
A (), ((5=k Anext[j1'=(r3)) v (jzk Ancxt[j]'="next[j])) )

‘m.cnt<1 A NC(rdent, wt, m.cnt, m.sct, w.set, w.cnt)
m.cnt’<l
vy’

1]
Vis
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)
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F

A rd’=‘rd+1
A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt>1 A ‘w.cnt<1)
A (¥, (i=k Anext[j]’=NextLabel(r3)) v (j=k Anext[j]’=*next|j])))

3i, i=k A(*next]i]=r3v‘next[i]=riseAtPwr)) =‘rd=‘rdcnt-1

A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

A ‘next{k]=r3

A (Y], ((G=k Ancxt[j]'=NextLabel(r3)) v (jzk anext[j]’=‘next[j])) )

‘rd=‘rdcnt-1

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)

A (Vs ((7=k Anext[j]’=r4) v (jzk Anext[j]’=‘next[j])) )
rd*=rdent’ A (Vj, ((=k Anext[j]’=r4) v (jzk anext[j]'=*next[j])) )
Vi'

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent>1 A ‘w.cnt<1)

A (Vj, 5k Anext[j]’=NextLabel(r3)) v (jzk anext[j]*=*next[j])))

NC(rdent, wt, m.cnt, m.set, w.cnt, w.sct)
A (Y], ((5=k Anext[j]’=rd) v (jzk anext[j]’=*next[j])) )

—(3i, i=k A(next[i]’=r4 vnext{i]’=riseAtPwr))

Vi3’

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next[k]=r3 A ‘rdcnt>1 A ‘w.cnt<])

A (Vj, (7=k Anext[j]’=NextLabel(r3)) v (jzk anext[j]’=*next[j])))

NC(rdcnt, w1, m.cnt, m.set, w.cnt, w.sct)
A (Y], ((=k Anext[j]’=rd) v (jzk anext[j]’=*next[j])})

—(3i, i=k Anext[i]’=r8)

Vi



{replace 'V,; with its definition}

{get function value of NextLabel(r3)}

{substitute for ‘rd, ‘rdcntt with corresponding after-values}

{get function value of NextLabel(r3)}

{get function value of NextLabel(r3)}
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NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsReader) A ‘next[k]=r3 A ‘rdent>1 A ‘w.cnt<1)
A (¥, (j=k Anext(j>=NextLabel(r3)) v (jzk anext{j]’=*next{j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (Y], ((=k Anext[j]’=rd) v (j=k Anext[j]’=‘next{j])) )

—(3i, i=k Anext|i]’=rlseAtPww)

Vis’

NC(rdcnt, wt, m.cnt, m.set, w.cat, w.set)

A (( pID=k A IsReader) A ‘next[k|=r3 A ‘rdent>1 A ‘w.cnt<l)

A (Vj, (j=k Anext[j]’=NextLabel(r3)) v (jzk Anext[j]’=*next{j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (¥, ((3=k Anext[j]’=rd) v (jzk Anext[j]’="next[j]})) )

=(3i, i=k A(next]i]’=w2 v next[i]’=w3))
Vie'

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsRcader) A ‘next[k]=r3 A ‘rdcnt>1 A ‘w.cnt<l)
A (Vi, (j=k Anext[j]’=NextLabel(r3)) v (jzk anext[j|’=next[])))

NC(rdcnt, wi, m.cnt, m.set, w.cnt, w.set)
A (Vj, ((i=k Anext{j]*=rd) v (jzk anext[j]’=‘next[j])) )

—(3i, i=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))
V'
Column 12+32*(k-1) for k=1...n, where n is the number of Readers:

Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next]k]=r3 A ‘rdent>1 A ‘w.cnt21)

‘V; A‘VQI\‘V7
A (( pID=k A isRecader) A ‘next(k]=13 A ‘rdent>1 A ‘w.cnt21)



{get function value of NextLabel(r3)}

{get function value of NextLabel(r3)}

{get function value of Nextl.abel(r3)}

{column condition}
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= {replace 'V, 'V ‘V, with its definition}
(‘w.cnt<l)
A ‘went=1=> (‘wt=0A‘rd=0)
A (‘rdent>1=> ‘rd21)
A ‘next[k]=r3 A ‘rdent>] A ‘w.cnt2]

(‘w.ent<lv ‘w.cnt=1)

A ‘went=1=> (‘wt=0A‘rd=0)

A (‘rdent>1= ‘rd21)

A ‘next[k]=r3 A ‘rdent>| A ‘w.cnt2]

(‘w.cnt<]v ‘w.ent=1)

A ‘went=1= (‘wt=0A*rd=0)

A ‘rdzl

A ‘w.ent21

(*w.cni<lv ‘w.ent=1)A—(‘w.cnt=1)

‘w.cnt<i

=(‘w.cnt21)

T T T 7T

= (( pID=k A IsReader) A ‘next[k]=r3 A ‘rdent>1 A ‘w.cnt21)
Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 13+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS®

Given ‘INVARIANTS
A ((pID=k A IsReader) A ‘next[k|=waitAtPwr) {column condition}
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (Y], ((=k A nextfj]*=*next[j]) v (j*k A next[j]’=‘next[j]})))
proof:
Since all of the variables in all of the invariant clauses arc not changed, the truth value of them will not change, hence, they will be true with the after-values of
the variables.

Column 14+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS®

Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next|k|=riscAtPwr) {column condition}
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A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

Ard’=‘rd+1
A (Vj, 5=k Anext{jl’=NextLabel(rlseAtPwr)) v (jzk Anext[j]’=next(j])))

proof:

Since all of the variables in the invariant clauses rp, V3, V3, V4, Vs are not changed, the truth value of them will not change, hence, they will be true with the
after-values of the variables.

For the invariant clauses which have variables changed in the state change, we will prove them onc at a time as below:

F

(( pID=k A IsReader) A ‘next{k]=riseAtPwr)
A ‘V. N ‘V,,
A NC(rdcnt, wt, m.cnt, m.set, w.set, w.cnt)
{replace Vs ‘V¢ with its definition}
(( pID=k A IsReader) A *next[k]=rlscAtPwr)
A (‘w.ent<l= ((Cwt=1A‘rd=0)v(‘rd21A‘wt=0)v (‘rd=0 A‘wt=0 A(3t, (‘next[t]=riseAtPwr v next(t]=riscAtPww)))))
A @i, i=k A'next{i]=riseAtPwr) => (‘rd=0 A‘w.cnt<l)
A NC(rdent, wt, m.cnt, m.sct, w.sct, w.cnt)

(( pID=k A IsReader) A *next[k]=riscAtPwr)

A (‘went<l= ((‘wtEIArd=0)v(‘rd21A*wt=0)v (‘rd=0 A‘wt=0 A(3t, (‘next[t]=riscAtPwr v¢next[t]=riscAtPww)))))
A (‘rd=0 A*w.cnt<])

A NC(rdent, wt, m.cnt, m.sct, w.sct, w.cnt)

(( pID=k A IsReader) A ‘next[k]=rlscAtPwr)

A (*wt=1A Td=0)v(*rd21A'wi=0) v (‘rd=0 A‘wt=0 AQ3t, (‘next[t]=riscAtPwr v‘next[t]=rIscAtPww)))))
A‘rd=0

A NC(rdent, wt, m.cnt, m.sct, w.sct, w.cnt)

(( pID=k A IsReader) A *next{k}=rlscAtPwr)
‘wt= 0 A ‘rd=0 AL, (‘next|t]=riscAtPwr vinext[t]=rlscAtPww))

A NC(rdcnt, wi, m.cnt, m.set, w.sct, w.cnt)
{substitute wt’ for ‘wt}

wt'=0

™
Vi Ard'='rd+1

‘rd20 A rd'='rd+1
{substitute rd’-1 for ‘rd}
rd’-120

135



'.

T T T T

rd’21
rd’20
vy

(( pID=k A IsReader) A ‘next[k]=rlscAtPwr)
A ‘V.o
A NC(rdent, wt, m.cnt, m.set, w.set, w.cnt)

(( pID=k A IsRcader) A ‘next[k]=tIscAtPwr)
A 3, i=k A ‘next|i]=riscAtPwr)=> (‘rd=0 A‘w.cnt<1)
A NC(rdent, wt, m.cnt, m.set, w.set, w.cnt)

(( pID=k A IsReader) A ‘next[k]=rlseAtPwr)
A (‘rd=0 A*w.cnt<l)
A NC(rdent, wt, m.cnt, m.set, w.set, w.cnt)

‘w.cnt<l A NC(rdcnt, wt, m.cnt, m.set, w.set, w.cnt)
w.cnt’<l

—(w.cent’=1)

V'

‘V1 A ‘Vm

A (( pID=K A IsReader) A ‘next[k]=riseAtPwr)

A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sct)

A rd’=‘rd+1

(‘rdent>1= ‘rd21)

A @i, i=k A ‘next[il=riseAtPwr)=> (‘rd=0 A‘w.cnt<l1)
A (( pID=k A IsReader) A *next(k]=rlscAtPwr)

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set) A rd*=‘rd+1

(‘rdent>1= ‘rd21)
A (*rd=0 A*w.cnt<])



{replace V4o with its definition}

{substitute w.cnt’ for ‘w.cnt}

{replace 'V7,'V1o with its definition}
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A (( pID=k A IsReader) A ‘next[k]=risecAtPwr)
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)a rd’=‘rd+1
I_

(‘rdent>1=> ‘rd21) A ‘rd=0
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set) A rd"=*rd+1

F {substitute corresponding after-values for ‘rdent, ‘rd }
(rdent’>1 =5 rd’-121) A rd’=1
I.
(rdent’>1 => rd’22) A rd’=1
}.
rdent’>1= rd’21
vy
‘V. A ‘VIO
A (( pID=k A IsReader) A ‘next[k|=rlseAtPwr)
A NC(rdcent, wt, m.cnt, m.set, w.cnt, w.sct)
Ard’=‘rd+1
{replace 'Vg ‘V4q with its definition}
(‘w.ent<1=> ((‘wt=1A‘rd=0) v (‘rd21A*wt=0) v (‘rd=0 A*wt=0 A(3t, (‘next]t]=rlscAtPwr v*next[t]=riseAtPww)))))
A 34, i=k A ‘nextlij=riscAtPwr))=> (‘rd=0 A‘w.cnt<l)
A (( pID=k A IsRcader) A *next[k]=rlscAtPwr)
A NC(rdent, wt, m.cnt, m.sct, w.cnt, w.sct) A rd’=‘rd+1
l.

(‘w.ent<I=> ((*wt=1A‘rd=0) v (‘rd21A‘wt=0) v (‘rd=0 A*wt=0 AL, (‘nextit]=riscAtPwr vinext|t]=riscAtPww)))))
A (‘rd=0 A*w.cnt<])
A (( pID=k A IsRcader) A ‘next[k]=rlscAtPwr)
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.sct) A rd’="rd+1]
|..
‘went<] A ‘rd=0 A ‘wt=0
A NC(rdent, wt, m.cnt, m.sel, w.cnt, w.sct) A rd’=‘rd+1
{substitute corresponding after-values for ‘rd, ‘wt, ‘w.cnt }

w.ent’<l A rd’=1 A wt’=0

l_

vy’

‘v,
A {( pID=k A IsReader) A*next[k]=rlscAtPwr)

137



A NC(rdcent, wt, m.cnt, m.set, w.cnt, w.sct)
H {replace ‘V, with its definition}
(@i, i=ka(*next[i]=r3 v*next[ij=riscAtPwr v*next[i]=rd v*next[i]=r5 v ‘next|i]=r6 v‘next[i]=riseAtPm2v*next[i]=r7)) = ‘rdcent>0)
A ‘next[k]=rlseAtPwr
A NC(rdent, wt, m.cnt, m.sct, w.cnt, w.set)

‘rdent>0 A NC(rdent, wt, m.cnt, m.sct, w.cnt, w.set)

'.

rdent’>0
l.

Vy'

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A‘next[k]=rlscAtPwr)
A (), (i=k Anext[j’=NextLabel(rlscAtPwr)) v (jzk Anext[j]’=*next[}])))
{get function value of NextLabel(riseAtPwr)}
NC(rdcnt, wt, m.cnt, m.sct, w.cnt, w.sct)
A ‘next[k]=riseAtPwr
A (), ((i=k Anext[j]’=r4) v (j2k anext[j]’=*next[j])))

~(3i, i=k Anext[i]’=rlscAtPwr)
Vi

‘Vyy
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A‘next[k]=rlseAtPwr)

A (V], (j=k anext[j|’=NextLabel(rlscAtPwr)) v (j#k Anext[j]’=*next(j])}) .
{replace 'V, with its definition}

@i, i=k A(‘next(i]=rlseAtPm1v‘next|i]=r2 v*next|i]=r3v‘nextfi]=riscAtPwr
vénext[i]=rd v'next[i|=rlseAtPm2 v*next[i]=r7 v‘next{i}=r8 v¢next[i]=r9))=>‘m.cnt<1
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next{k]=rlseAtPwr
A (Y], ((j=k Anext[j)’=(rlscAtPwr)) v (jzk Anext[j]'="next[j]}) )

‘m.cnt<] A NC(rdcnt, wt, m.cnt, m.set, w.set, w.cnt)

m.ent’<]

F
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Vi’

‘Vis

A rd’=‘rd+1A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=Kk A IsReader) A*next[k|=rlseAtPwr)

A (Vj, (j=k Anext[j]’=NextLabel(rlseAtPwr)) v (jzk Anext|j]’=*next{j})))

@i, i=k A(‘next{i}=r3v*next|i|=rilscAtPwr)) =>‘rd=‘rdcnt-1
A rd’="rd+1 A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘nextjk]=r3
L A (V], ((G=k Anext(j]’=NextLabel(riscAtPwr)) v (jzk Anext(j)'=‘next[j])) )
‘rd=‘rdcnt-1
A rd’=‘rd+1A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sct)
A (Y], ((=k Anext[j]’=rd) v (jzk Anext{j]’=next[j])) )

rd’=rdent’ A (V), ((=k Anext[j}'=r4) v (jzk Anext(j]'='next[j]}) )
Vi’

NC(rdcnt, wt, m.cnt, m.sct, w.cnt, w.sct)
A (( pID=k A IsReader) A*next[k]|=riscAtPwr)
A (¥}, (j=k anext[j]’=NextLabel(rlscAtPwr)) v (jzk Anext{j]’=‘next[j])))

NC(rdcnt, wt, m.cnt, m.sct, w.cnt, w.set)
A (Y], ((5=k Anext]j}’=rd) v (jzk Anext[j]’=*next{}])) )

=3I, i=k A(next[i]’=r4 vnext(i]’=riseAtPwr))
Vi’

NC(rdcnt, wt, m.cnt, m,set, w.cnt, w.sct)
A (( pID=k A IsReader) A*next|k]=rlscAtPwr)
A (V], (j=k anext[j]’=NextLabel(riseAtPwr)) v (jzk anext{j]’=*next|j]}))

NC(rdent, wi, m.cnt, m.sct, w.cnt, w.set)
A (Y], ((j=k Anext[j]'=rd) v (j#k anext(j]’=‘next(j])) )

—(3i, i=k Anext[i]’=r8)
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{replace 'V,; with its definition}

{get function value of NextLabel(rlseAtPwr)}

{substitute for ‘rd, ‘rdcnt with corresponding after-values}

{get function value of NextLabel{rlseAtPwr)}

{get function value of NextLabel({rlse AtPwr)}



\{73

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A‘next[k]=riscAtPwr)
A (Vj, (j=k Anext[j]’=NextLabel(rlseAtPwr)) v (jzk Anext[j]’=*next(j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (Y], ((i=k Anext[j]’=rd) v (jzk Anext[j]’=‘next[j])) )

—(3i, i=k Anext[i]’=rlseAtPww)

Vs’

NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A‘next[k]|=rIscAtPwr)

A (Vj, (7=k Anext[jl’=NextLabel(rlseAtPwr)) v (j2k Anext[j]’=*next[j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sct)
A (V] ((7=k Anext[j]’=rd) v (j2k Anext[j]’=*next[j])) )

—(3i, i=k A(next[i]’=w2 v next|i]’=w3))

Vi’

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A‘next{k]=rlseAtPwr)

A (Y], (i=k Anext[jl’=NextLabel(rlscAtPwr)) v (j2k Anext[j]’=*next[j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (Y], ((j=k Anext[j]’=rd) v (jzk Anext[j]’=*next{j]}) )

=3, i=k A(next][i]’=waitAtPm1 v next[i]’=waitAtPm2))

A4TH
Column 15+32*(k-1) for k=1...n, where n is the number of Readers:
Given ‘INVARIANTS

A
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{get function value of NextLabel(rlseAtPwr)}

{get function value of NextLabel(rlseAtPwr)}

{get function value of NextLabel(riseAtPwr)}

{column condilion}



F

%

" {replace 'Vy1 with its definition}
@i, i=k A(‘next[il=rlseAthlv‘ncxt[i|=r2v‘next[i]=r3v‘next|il=rlscAthrv‘nextIi]=r4v‘next[i]=rlscAth2v‘next[i|=r7v‘ncxt[i|=r8v‘next[i|=r9))=>‘m.cnt<1
‘m.cnt<]

‘ment<0

~(‘m.cnt>0)

T T T T

< (( pID=K A IsReader) A ‘next|k]=r4 A ‘m.cnt>0)

Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 16+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS

A (( pID=k A IsReader) A ‘next[k]=r4 A ‘m.cnt=0)

A NC(rdcent, rd, wt, m.set, w.cnt, w.set)

A m.ent’=*m.cnt+1

A (Vj, (j=k Anext[j]*=NextLabel(rd)) v (jk Anext{j]’=*next[j])))
proof:

Since ali of the variables in the invariant clauses rpy, rpy, Vi, Vi, Vi, Va, Ve, V7 are not changed, the truth value of them will not change, hence, they will be true
with the after-values of the variables,

For the invariant clauses which have variables changed in the state change, we will prove them onc at a time as below:
m.cnt’=‘m.cnt+1

A ((pID=k A IsReader) A ‘next[k]=rd4 A ‘m.cnt=0)

{column condition}

m.cnt’=‘m.cnt+]
A ‘m.cent=0

{substitute for ‘m.cnt with (m.cnt’-1)}
m.ent’=1

m.cnt’sl

vy’

tv'
A ((pID=k A IsReader) A ‘nextlk]=r4 A ‘m.cnt=0)
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A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (¥, (i=k Anext[j]’=NextLabel(r4)) v (jzk Anext[j]’=*next(j|)))

{replace 'V with its definition}
(‘w.ent<l= ((‘w=1Ard=0) v (‘rd21A‘wt=0)v(‘rd=0 A*wt=0 A(3t, (‘next|t]=rIseAtPwr v*next[t]=riseAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A{( pID=k A IsReader) A ‘next[k]=r4 A ‘m.cnt=0)
A (], ((=k Anext[j]'=NextLabel(rd)) v (jzk anext[j]'=*next[j]}) )
'_
(‘w.ent<1=> ((‘wt=1A'rd=0) v (‘rd21 A*'wt=0)v(‘rd=0 A‘wt=0 A (3t, (‘next{t)=rlscAtPwr v‘next[t}=rIseAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (‘next[k]=r4)
A (Vj, ((=k Anext[j]'=NextLabel(rd)) v (jzk Anext[j]'=‘next[j])) )

(‘w.ent<l=> ((‘WEIA‘rd=0)v(*rd21A*wt=0)v(‘rd=0 A‘wt=0 A (3t, (t=kv tk)A (‘next[t]=rIscAtPwr v*next|t|=rlseAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=rd) A (Vj, ((j=k anext[j]’=NextLabel(rd)) v (jzk Anext[j]'="next[i])) )
l,..
(‘w.ent<l= ((‘wt=1A‘rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A*wt=0 A (3t, (t=k A (‘next[t|=riscAtPwr vnext[t|=riscAtPww)) v (t2k A (‘next{t]=riscAtPwr v'next{t]=riseAtPww))))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=rd) A (Vj, ((j=k anext[j]’=NexiLabel(rd)) v (jzk anext[j]’="next[j])) )

(‘w.ent<l=> ((‘wt=1A rd=0)v(‘rd21A'wt=0)v (‘rd=0 A‘wt=0 A (3t, Falsev (t#ka (‘next[t|=riscAtPwr vinext(t]=riscAtPww))))))
A NC(rdent, rd, wt, m.sct, w.cnt, w.set) A (‘next[k]=rd) A (V], ((i=k anext[j]’=NextLabel(r4)) v (jzk anext[j]’='next[j])) )

(‘w.ent<1=> ((‘wi=1Ard=0)v(‘rd21A‘wt=0) v (‘rd=0 A‘wt=0 A (3, (t2ka (‘next{t]=riscAtPwr v¢next|t]=rlscAtPww))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r4) A (], ((;i=k anext[j]’=NextLabel(rd)) v (jzk Anext[j)’=*ncxt[j])) ) )
{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in ‘Vg}

w.ent’<l= (wt'=1ard’=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 A3, (t¢ka (next|t]’=rlseAtPwr vnext|t]'=riseAtPww)))))
\ /Y

Lv,
A NC(rdcent, rd, wt, m.set, w.cnt, w.sct)

A (( pID=k A IsReader) A ‘next{k]=r4 A ‘m.cnt=0) . .
{replace 'V, with its definition}

(3, i=ka(*nextfi]=r3 v*next[i]=rlseAtPwr v*nextlil=r4 vnext{i]=r5 v ‘next[i]=r6 v*next|i]=rlseAtPm2 v‘next|i]=r7)) = ‘rdent>0)
A NC(rdent, rd, wt, m.set, w.cnt, w.sct)
A ‘next[k]|=rd
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l_
I..

‘rdent>0 A NC(rdent, rd, wt, m.set, w.cnt, w.set)
rdent’™>0
vy’

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next(k]=r4 A ‘m.cnt=0)
A (Vj, =k Anext[j]’=NextLabel(r4)) v (j£k Anext[j]’=next{j])))

{get function value of NextLabel(r4)}
NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A ‘next(k|=rd
A (Y], (=K Anext[j]’=rS) v (j#k Anext]j]’="next]j])) )

=(3i, i=k Anext|i]’=rlscAtPwr)
Vo’

NC(rdcent, rd, wt, m.sct, w.cnt, w.set)
A (( pID=Kk A IsReader) A ‘next[kj=r4 A ‘m.cnt=0)
A (V], (i=k Ancxt[j]’=NextLabel(rd)) v (jzk Anext[j]’=*next{j])))

{get function value of NextLabel(r4)}
NC(rdcnt, rd, wt, m.sct, w.cnt, w.sct)

A ‘next[k|=r4
A (Y], 3=k Anext[j]’=rS) v (jzk Anext[j]'=*next[j])))

~@3i, i=k A(next[i]’=rlscAtPmlvnext|i]’=r2vnext[i]’=r3v ncxtli|'=rlseAthrvncxt|iI’=r4vnext|i]’=rlscAtl’mZvnext|i|’=r7vncxt|il'=r8vncxt[il’=r9))
Vi

‘Viz

A NC(rdcent, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘nextjk]=r4 A ‘m.cnt=0)

A (V], (J=k Ancxt[j]’=NextLabel(rd)) v (jzk anext|j|’=*next[j]))) {replace 'V, with its definition)
@i, i=k A(‘ncxt[i]=rlv‘ncxt[i|=rlscAll’mlv‘ncxt[i]:rzv‘ncxtli|=r4v‘ncxllil=r5v‘nex(|il=r6v‘ncxt|i|=rlscAtl’mZv‘ncxtlil=r7v‘next|i]=r9)) =>‘rd=*‘rdcnt
A NC(rdent, rd, wt, m.set, w.cnt, w.set)

A {( pID=k A IsRcader) A ‘next[k]=r4 A ‘m.cnt=0)

A (V]), ((7=k Anext[j]'=NextLabel(rd)) v (jzk anextj]'=*next[j])) )
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|..
‘rd=‘rdent
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A ‘nextfk]=r4
A (Vj, ((j=k Anext[j]’=r5) v (j=k Anext[j]’=‘next[j])) )

rd’=rdcnt’

F

Vi

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r4 A ‘m.cnt=0)

A (Y], (i=k Anext[j]>=NextLabel(rd)) v (j#k anext[j}’=*next[j})))

NC(rdent, rd, wt, m.sct, w.cnt, w.set)
A (V], ((7=k Anext[j]’=r5) v (i=k Anext[j]’=*next[j])) )

—@3i, i=k A(next[i]’=r3 v next[i]’=rlscAtPwr))

Vs’

NC(rdcnt, rd, wt, m.sct, w.cnt, w.sct)

A (( pID=k A IsReader) A ‘next{k]=r4 A ‘m.cnt=0)

A (Vj, (7=k Anext|j]’=NextLabel(r4)) v (j#k Anext(j]'=next(j])))

NC(rdcnt, rd, wt, m.sct, w.cnt, w.sct)
A (V], ((G=k Anext[j]’=r5) v (j#k Ancxt[j]’=next([j])) )

—(3i, i=k Anext[i}’=r8)

Vi

NC(rdent, rd, wt, m.sct, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next]k|=rd A ‘m.cnt=0)

A (V], (j=k Anext[j|*=NextLabel(rd)) v (j#k anext[j]’=*next{j])))

NC(rdcnt, rd, wt, m.set, w.cnt, w.scl)
A (V], ((=k Anext[j]’=r5) v (jzk anext[j]’=*next[j])) )
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{get function value of NextLabel(r4)}

{get funclion value of NextLabel(rd)}

{get function value of NextLabel(rd)}

{get function value of NextLabel(r4)}



—@3i, i=k Anext(i]’=riseAtPww)
Vis'

NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (( pID=Kk A IsReader) A ‘next{k]=r4 A ‘m.cnt=0)
A (Vj, =k Anext[j]’=NextLabel(r4)) v (j=k Anext[j]’=‘next|j])))

{get function value of NextLabel(r4)}
NC(rdcnt, rd, wt, m.sct, w.cnt, w.set)

A (Vj, ((5k Anext{j]’=r5) v (j=k Anext[j]’=*next[}])))
=(3i, i=k A(next[i]’=w2 v next{i]’=w3))
V¢’

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A {( pID=K A IsRcader) A ‘next[k]=r4 A ‘m.cnt=0)

A (V], (j=k anext[j’=NextLabel(rd4)) v (j#k anext{j]’=*next|{jl)))

{get function value of NextLabel(r4)}
NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (Y], ((j=k Anext[j]'=r5) v (j#k Anext{j]’=*next[j])) )

—(3i, i=k A(next{i]’=waitAtPm1 v next{i]’=waitAtPm2))

V'

Column 17+32*(k-1) for k=1...n, where n is the number of Readers:

Prove: INVARIANTS’
Given ‘INVARIANTS

A (( pID=Kk A IsReader) A ‘next{k]=rd A ‘m.cnt<0)

A NC(rdent, rd, wt, w.cnt, w.sct)

A m.ent’=‘m.cnt+l1

A m.set’=(3t, ((‘m.set-{t}) ACnext[t]=waitAtPmlv¢next|t|=waitAtPm2)))
A (], ((j=k A next[j]’=NextLabel(rd))

v(jzk A je(*m.set-m.set’)A((*next[jl=waitAtPm1 A next|j]’=riseAtPm)v(‘next|jl=waitAtPm2a next[j]’=rlscAtPm2)))
v(jzk A je(‘m.sct-m.set’) A next[j]’=*next{j])))

{column condition}

proof:

Since all of the variables in the invariant clauses rp, rpy, Vi, Va, V3, Vi, Ve, V7 are not changed, the truth value of them will not change, hence, they will be true

with the after-values of the variables.
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For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:

m.cnt’=‘m.cnt+]
A (( pID=k A IsReader) A ‘nextjk]=r4 A ‘m.cnt<0)

m.cnt’=‘m.cnt+1
A‘m.ent<0

a {substitute for ‘m.cnt with (m.cnt’-1)}

m.cnt’-1<0

m.cat’<]

F

m

m.cnt’s]
Vs

‘Vg
A (( pID=k A IsRcader) A ‘next[k]=r4 A ‘m.cnt<0)
A NC(rdcent, rd, wt, w.cnt, w.set)
A (Vj, ((i=k A next{j]’=NextLabcl(r4))
Sset )A((‘next[j|=waitAtPm1 A next[j]’=rIscAtPm1)v(‘next[j]=waitAtPm2A next[j]’=rlscAtPm2)))
v(jzk A je(‘m.sct-m.set’) A next[j]’=*next]j])))

v(j=k A je(*m.set-

{replace ‘V; with its definition}
(‘w.ent<l=> ((‘wt=1A'rd=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next[t]=riscAtPwr v'next(t|=riseAtPww)))))

A NC(rdent, rd, wt, m.sct, w.cnt, w.sct)

A (( pID=k A IsReader) A ‘next[k]=r4 A ‘m.cnt=0)
A (), ((7=k A next[j]’=NextLabel(rd))v(j=k A je(‘m.sct-m.set’)A((*next(j]=waitAtPm1l A next[j)’=rlscAtPm1)v(‘next[j]=waitAtPm2A next{j}’=riscAtPm2)))

v(jzk A je(‘m.set-m.set’) A next[j]'='next[j])))

(w.ent<l= ((‘wt=1ATd=0)v(‘rd2IA‘w=0)v(rd=0 A*wt=0 A (3t, (t=kv k) A (‘next[t]=riseAtPwr v‘next{t]=riscAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.sct)

A (‘next[k]=r4)
A (Vj, ((j=kanext[j]'=NextLabel(rd))v(j=k A je(*m.set-m.set’)A((*next[jl=waitAtPm] A next[j]’=riscAtPm1)v(‘next[jJ=waitAtPm2A next(j]’=rlscAtPm2)))

v(jk A je(‘m.set-m.set’) A next[j]'="next[j])))

(‘w.ent<]= ((*wt=1A‘rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A*wt=0 A (3t, (t=k A (‘next[t]=rlseAtPwr vénext[tj=rlseAtPww))v (t2k A (‘next[t]=rlseAtPwr venext[t]=riseAtPww))))))

A NC(rdent, rd, wt, m.sct, w.cnt, w.set) A (‘next[k]=r4)
A (), (G=kn next[j)'=NextLabel(rd))v(jzk A je(‘m.set-m.sct’)A((*next[jl=waitAtPm] A next[j]’=rlscAtPmI)v(‘next[j]=waitAtPm2a next[j]'=rlscAtPm2)))

v(jzk A je(*m.set-m.set’) A next[j]’='next[j])))
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'.
(‘w.ent<1=> ((‘wt=1ATd=0)v(‘rd21A'wt=0) v (‘rd=0 A*wt=0 A (3t, Falsev (t=ka (‘next[tj=riseAtPwr vnext[t]=rlseAtPww))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r4)
A (), ((7=kn next[j]’=NextLabel(r4))v(j=k  je(‘m.set-m.set’)A((‘next[j}=waitAtPm] A nextfj]’=rlseAtPm1)v(‘next{jl=waitAtPm2A next[j]’=riscAtPm2)))
v(jzk A je(‘m.set-m.set’) A next[j]’="next[j])))
I_

(‘w.ent<1= ((*wE=IATd=0)v(‘rd21A w=0)v(‘rd=0 A*wt=0 A 3t, (t2ka (‘next(t]=rIscAtPwr vnext[t]=rlscAtPww))))))
A NC(rdcent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r4)
A (], ((j=kn next(j]’=NextLabel(rd))v(jzk A je(‘m.set-m.set’)A((‘next[j]=waitAtPmI A next[j]’=rlscAtPm])v(‘nextfjl=waitAtPm2A next[j]’=riseAtPm2)))
v(j=k A je(‘m.set-m.set’) A next[j)’="next{j})))
{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in ‘Vy}
w.ent’<l=> (wt'=1Ard’=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 A@3t, (tzka (next[t]’=riseAtPwr vnext{t]’=rlseAtPww)))))

\/%

sv9
A NC(rdent, rd, wt, w.cnt, w.set)
A {( pID=k A IsReader) A ‘next{k]=rd4 A ‘m.cnt<0)
A (V], ((=k A next|j]’=NextLabel(r4)) v(jzk A je(‘m.set-
m.set’)A((next(jj=waitAtPm1 A next[j]’=riscAtPmI)v(‘next|j]=waitAtPm2A next[jj’=rlscAtPm2}))
v(j#k A je(‘m.set-m.set’) A next[j]’=*next[j])))
= {replace 'V, with its definition}
(@@, i=ka(‘next{il=r3 v*next{ij=riseAtPwr v*next{i]=rdv next[i|=r5v ‘next]i|=r6 v‘next|i]=rlseAtPm2 v‘next|i}=r7)) = ‘rdcnt>0)
A NC(rdent, rd, wt, w.cnt, w.set)
A ‘nextlk]=r4
A (Y], ((i=k A nextljl’=r5)v(j=k A je(*m.set-m.set’)a((*next[j]=waitAtPm1 A next[j]'=rlscAtPm | )v(‘next[j}=waitAtPm2A nextfj] =tlseAtPm2)))
v(jzk A je(*m.set-m.set’) A next[j]"=*next[j])))

‘rdent>0n NC(rdent, rd, wt, w.cnt, w.set) A ‘next[k]=r5
|.

rdent’>0n ‘next(k]=r5

\Z%

NC(rdent, rd, wt, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r4 A ‘m.cnt<0)

A (Vi, ((j=k A next[j[’=NextLabel(rd)) v(j#k A je(‘m.set-
m.set’)A((“nextljj=waitAtPm1 A next[j]’=riscAtPm1)v(‘next[jl=waitAtPm2A next|j]’=rlseAtPm2)))
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F

|.
F
l.

vk A je(‘m.set-m.set’) A next[j]’=*next|j])))
{get function value of NextLabel(r4)}

NC(rdent, rd, wt, m.set, w.cnt, w.set)

A ‘next[k]=r4
A (), ((=k A next[j’=r5)v(jzk A je(‘m.set-m.set’)A((‘next[j}=waitAtPml A next[j)'=rIseAtPmI)v(‘next[j]J=waitAtPm2A next[j]'=rlseAtPm2)))

v(j=k A je(‘m.set-m.set’) A next[j’=next[j])))
—(3i, i=k Anext[i]’=rlscAtPwr)

Vio

(( pID=k A IsReader) A ‘next[k}=rd A ‘m.cnt<0)
A m.cnt’=‘m.cnt+l

‘m.cnt<0 A m.cnt’="m.cnt+1
m.cnt’< ]

vll,

Vi

A NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r4 A ‘m.cnt<0)

A (¥, ((i=k A next[j]’=NextLabel(r4)) v(j#k A je(*m.set-
m.set’)A((“next[j]=waitAtPm1 A next|[j]’=rlseAtPmI)v(‘next[jl=waitAtPm2A next[j]'=riseAtPm2)))
v(j=k A jg(‘m.set-m.set’) A next[j]’=‘next[j})))
{replace 'V;; with its definition}

@i, i=k A(‘next[i]=r1 v¢next[i]=rlseAtPm1v‘next[i]=r2 v*next[i]=r4
vénext[i]=r5 v‘next[i]=rév‘next|i]=riseAtPm2 v‘next[ij=r7 v‘next[i]=r9)) = ‘rd=‘rdcnt
A NC(rdent, rd, wt, w.cnt, w.sct) A (( pID=k A IsReader) A *next[k]=r4 A ‘m.cnt<0)
A (], ((7=k A next[j)'=NextLabel(r4))v(j=k A je(*m.sct-m.set’)a((‘next[j]=waitAtPmi A next[j)’=rIseAtPm1)v(*next[j]=waitAtPm2a next[j]'=tlscAtPm2)))

v(jzk A je(‘m.set-m.sct’) A next{j]’="next[j])))
{get function value of NextLabel(r4)}

‘rd="rdent A NC(rdcnt, rd, wt, w.cnt, w.set)

A ‘nextlk]=r4
A (Y], ((=k A next[j]'=rS)v(jzk A je(‘m.set-m.set’)A((‘next[jl=waitAtPm1 A next[j]’=rlscAtPm1)v(‘next[j]=waitAtPm2A next[j]'=rlseAtPm?2)))

v(jk A je(‘m.set-m.set’) A next[j)'="next[j})))

F

rd’=rdcnt’
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I.
Vi’

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=K A IsReader) A ‘next|k]=r4 A ‘m.cnt<0)
A (Vj, ((7=k A next|j]’=NextLabel(rd))
m.set’)A((‘next[j]=waitAtPm] A next[j]’=rlseAtPm1)v(‘next[j]=waitAtPm2A next{j]’=rlscAtPm2)))
L v(j#k A je(‘m.set-m.set’) A next[j]’=*next([j])))

NC(rdent, rd, wt, w.cnt, w.set)

A (Y], ((=k A next[j]’=r5)v(j=k A je(‘m.sct-m.sct’)A((‘ next[j]=waitAtPm1 A next[j)'=rlscAtPm1)v(‘next[j]=waitAtPm2a next{j]'=rlscAtPm2)})
v(j#k A je(‘m.set-m.set’) A next[j]’=*next[j])))

v(j=zk A je(*m.set-

{get function value of NextLabel(r4)}

=(3i, i=k A(next{i]’=r3 v nextli]’=riscAtPwr))
Vi

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsRcader) A ‘next{k]=r4 A ‘m.cnt<0)
A (Y], ((=k A next[j|’=NextLabel(rd))
m.set’)A((‘next[jl=waitAtPm1 A next[j|’=rIscAtPm1)v(‘next{j|=waitAtPm2A next[j|’=rlseAtPm2)))
v(j#k A je(‘m.set-m.set’) A next[j]’=*next[j])))

v(j=2k A je(*m.set-

{get function value of NextLabel(r4)}
NC(rdent, rd, wt, w.cnt, w.sct)

A (Y], ((=k A next[j]’=r5)v(j=k A je(‘m.sct-m.set’)A((*next[j]=waitAtPm] A next[j}'=rIscAtPm1)v(*next(jl=waitAtPm2A next[j)'=riseAtPm2)))
v(j#k A je(‘m.set-m.set’) A next(j]'="next[j])))
l.

—(3i, i=k Anext[i]’=r8)
Vi

NC(rdcnt, rd, wt, w.cnit, w.set)
A (( pID=k A IsReader) A *next[k]=rd4 A ‘m.cnt<0)
A (Vj, ((G=k A next[j]’=NextLabel(r4))

m.set’)A((‘next[j|=waitAtPm1 A next[j]’=rIseAtPm1)v(‘next[jj=wait AtPm2a next(j]’=riseAtPm2)))
v(j#k A je(‘m.set-m.set’) A next|j]’=*next|j])))

v(jzk A je(‘m.set-

{get function value of NextLabel(r4)}
NC(rdcnt, rd, wt, w.cnt, w.sct)

A (V], (G=k A next[j]’=rS)v(jzk A je(*m.set-m.set”)A((‘next[j]=waitAtPm1 A next[j]’=rlseAtPm1)v(‘next[jl=waitAtPm2a nextfj]'=rlscAtPm2)))
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v(j#k A je(‘m.set-m.set’) A next[j]'='next[j])))
—(3i, i=k Anext{i]’=riseAtPww)
Vis’

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘nextik]=r4 A ‘m.cnt<0)
A (Vj, (=K A next[j]’=NextLabel(r4)) v(j#k A je(‘m.set-
m.set’)A((‘next(jl=waitAtPm1 A next[j]’=rlscAtPm1)v(‘next[j]=waitAtPm2A next[j]’=riscAtPm2)))
v(jzk A je(‘m.set-m.set’) A next[j]’=*next(j])))
F {get function value of NextLabel(r4)}
NC(rdcnt, rd, wt, w.cnt, w.set)
A (Vj, (=K A next[j]’=rS)v(jzk A je(‘m.set-m.set’)A((*next[jJ=waitAtPm] A next[j]’=rlscAtPm1)v(‘next[jl=waitAtPm2a next[j]’=rlseAtPm2)))
v(jzk A je(‘m.set-m.set’) A next[j]"='next[j])))
l.

—@i, i=k A(next[i]’=w2 v next[i]’=w3))
Vi

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k}=r4 A ‘m.cnt<0)
A (Vj, (J=k A next[j]’=NextLabel(rd)) v(jzk A je(*m.set-
m.set’)A((“next[jj=waitAtPm1 A next|j]’=riscAtPm1)v(‘next[jj=waitAtPm2A next|[j]’=rlscAtPm2)))
v(j=k A je(‘m.sct-m.set’) A next[j]’=*next([jl)))

{get function value of NextLabel(r4)}
NC(rdcnt, rd, wt, w.cnt, w.set)

A (Y], ((=k A next[j]’=rS)v(j=k A je(‘m.set-m.sct’)A((*next[jJ=waitAtPm1 A next[j]’=rIscAtPmI)v(‘next[j]l=waitAtPm2Aa next[j]’=rlscAtPm2)))
v(j=k A je(‘m.set-m.set’) A next[j]’="next[j])))

l.

—(3i, i=k A(next[i)’=waitAtPm1 v next[i]’=waitAtPm2))
Vy'

Column 18+32*(k-1) for k=1...n, where n_is the number of Readers:
Prove: INVARIANTS®
Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k]=r5)
A NC(rdent, rd, wt, w.cnt, w.set, m.cnt, m.set)

{column condition}
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A (Y, ((G=k A next[j]’=NextLabel(r5)) v (jzk A next[j]’="next{j]}) )
proof:
Since all of the variables in the invariant clauses rpy, rpy, Vi, Va, V3, Vs, Vs, Vi, V3 are not changed, the truth value of them will not change, hence, they will be
true with the after-valucs of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:
‘vﬂ
A NC(rdcat, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A *next[k]|=r5)
A (Vj, ((j=k Anext|j]’=NextLabel(r5)) v (j#k Anext{j]’=*next[j]})) )

{replace ‘V; with its definition}
(‘w.ent<l= ((‘wt=1Ard=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A3, (‘next[t]=riscAtPwr v¢next[t]=rlscAtPww)))))
A NC(rdent, rd, wt, m.cnt, m.sct, w.cnt, w.set)
A (( pID=k A IsRecader) A ‘next{k]=r5)
L A (Y], ((7=k anext[j’=NextLabel(r5)) v (jzk anext[j]’=*next[j])) )
(‘w.ent<l=> ((‘wt=1Ard=0)v(‘rd21A‘wt=0) v (‘rd=0 A‘wt=0 A @3¢, (=kv tzk)A (‘next|t]=rlscAtPwr v'next[t]=riscAtPww)))))
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (*next[k]=r5)
A (V), ((G=k anext[j)’=NextLabel(r5)) v (jzk anext[j)’="next[j])) )

(*w.ent<l= ((‘wt=1IA‘rd=0)v(‘rd21A*wt=0) v
(‘rd=0 A*wt=0 A (3t, (1=K A (‘next[t]=rIscAtPwr v*next{t]=riscAtPww))v (tzk A (‘next|t]=riseAtPwr v¢next[t]=riseAtPww))))))
A NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set) A (‘next[k]=r5)A (Vj, ((j=k ancxt[j]’=NextLabel(r5)) v (j#k ancxt[j]'=*next[j])) )
l.
Cw.ent<l= ((‘w=1Ard=0)v(‘rd21A‘wt=0) v (‘rd=0 A*wt=0 A (3¢, Falsev (tzka (‘next[t]=riscAtPwr vinext[t[=riscAtPww))) )))
A NC(rdent, rd, wt, m.cnt, m.set, w.ent, w.set) A (*next[k]=r5)A (V], ((j=k anext[j]’=NextLabel(r5)) v (j2k Anext{j]'=‘next[j})})
}.
(‘w.ent<1= ((‘wt=1A'rd=0)v(‘rd2Ia*wt=0) v(‘rd=0 A‘wt=0 A (3t, (t=KA (‘next[t]=riseAtPwr vnext[t]=riscAtPww))) )))
A NC(rdent, rd, wt, m.cnt, m.set, w.ent, w.set) A (*nexi[k]=r5)A (Vj, ((7=k anext[j]'=NextLabel(r5)) v (jzk anext{j)’=‘next[j])))
{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in “Vg}
w.ent’<i= ((w'=1ard’=0) v (rd’21Awt’=0)v(rd'=0 awt’=0 A(3t, (tzka (next{t]’=riscAtPwr vnext|t]’=rlscAtPww)))))

vy

W,

A NC(rdent, rd, wt, m.cnt, m.sct, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r5)

A (Vj, ((=k Anext[j]’=NextLabel(r5)) v (Jzk anext[j]’=‘next{j])))

{replace 'V, with its definition}
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(@i, i=k A (“next|[i]=r3 v*next{i]=rilseAtPwr v‘next|i]=rd v*next[i]=r5 v ‘next[i]=rév‘next[il=riseAtPm2 v*next|i]=r7)) = ‘rdcnt>0)
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next[k]=r5
A (YY), ((j=k Anext[j]’=NextLabel(r5) v (j=k Anext[j’="next[j])) )
F {get function value of NextLabel(r5)}
‘rdent>0
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (Y, ((j=k Anext[j]’=r6) v (jzk Anext[j]’=‘next[j])) )

rdent’>0A (Vj, ((5=k Anext[j]’=r6) v (j=k Anext[j]’="next[j])) )

Vy

NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r5)

A (Y], (=k Anext[j]’=NextLabel(r5)) v (jzk anext[j]’=‘next[j])) )
{get function value of NextLabel(r5)}
NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)

A ‘next[k]=r5

A (Vi, ((j=k Anext[j]’=r6) v (j=k Anext[j]’="next[j])) )

=(@3i, i=k Anext[i]’=riscAtPwr)
Vi’

NC(rdcnt, rd, wt, m.cnt, m.sct, w.cnt, w.set)
A ((pID=k A IsReader) A ‘next(k]=rS)
A (V], ((=k Anext|j]’=NextLabel(r5)) v (j2k Anext[j]’=*next[j])) )
{get function value of NextLabel(r5)}
NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘next|Kk]=r5
A (Y], 1=k Ancxt[j]’=r6) v (j2k Anext[j]’="next[j])))

—(3i, i=ka(next[i]’=riseAtPmIvnext{i]’=r2vnext(i]’=r3vnext[i]’=rlscAtPwrv next[i]’=rdvnext[i]’=rIscAtPm2vnext(i]*=rTvnext{i]'=r8vnext[i]’=r9))
Vy'

‘Viz
A NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)
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F

A (( pID=k A IsReader) A ‘next(k]=r5)
A (i, ((i=k Anext[j]’=NextLabel(r5)) v (j=k Anext[j]’=‘next[j])) )

(3i, i=k A(‘next[i]=r1 v*next[i]=rlseAtPm1v‘next[i]=r2 v*next|i}=rd
vénext{i]=r5 v‘next{i]=rév‘next[i]=rlscAtPm2 vnext[i]=r7 v*next[i]=r9)) = ‘rd=*rdent
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r5)
A (V], ((=k Anext[j]’=NextLabel(r5)) v (j#k Anext{j]’=*next[j])) )

‘rd=‘rdcnt

A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘next[k]=r5
A (], (=K Anext[j]’=r6) v (jzk Anext]j}’=*next[j])) )

rd’=rdcnt’

Vi

NC(rdcnt, rd, wt, m.cnt, m.set, w.cat, w.set)

A (( pID=k A IsReader) A ‘next{k]=r5)

A (], ((J=k Anext[j]’=NextLabel(r5)) v (jzk Anext[j]’=*next{j]})) )
NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.sct)

A ‘next[k|=r5

A (V], ((7=k Anext[j]'=r6) v (j2k Ancxt{j]’=*next[j])) )

=(3i, i=k A(nextfi]’=r3 v next[i]’=rlseAtPwr))

Vi

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (( pID=k A IsReader) A ‘next[k]=r5)
A (], ((5=k Anext[j]’=NextLabel(r5)) v (jzk anext(j]’=‘next[j])) )

NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)

A ‘nextlk|=r5
A (¥], ((j=k Ancext[jI'=r6) v (jzk anext[j]’=*next{j])) )

=(3i, i=k Anext|i]’=r8)
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F

Vi

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r5)

A (Y], ((j=k Anext[j]’=NextLabel(rS)) v (jzk Anext[j]’=‘next[j})) )

NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)

A ‘nextik]=r5

A (V], ((7=k Anext[j]’=r6) v (j=k Anext[j]’=*next[j])) )
—(3i, i=k Anext[i]’=rlscAtPww)

Vs

NC(rdcnt, rd, wt, m.cnt, m.sct, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next(k|=r5)

A (], ((i=k Anext[j]’=NextLabel(r5)) v (j=k anext[j]’=*next{j])))

NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next[k]=r5
A (V], ((i=k Anext{j]’=r6) v (jzk Anext[jI’=*next[j])) )

—@3i, i=k A(next[i]’=w2 v next[i]’=w3))

Vi’

NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=Kk A IsReader) A ‘next(k]=r5)

A (Y}, ((7=k Anext[j]’=NextLabel(r5)) v (j#k Anext[j]’=‘next(j])) )

NC(rdcnt, rd, wt, m.cnt, m.sct, w.cnt, w.sct)

A ‘next[k]=rS

A (Y], ((j=k Anext[j)’=r6) v (jek anext][j]’=*next[j]}) )
=3}, 1=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))

Vi’
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{get function value of NextLabel(r5)}

{get function value of NextLabel(r5)}



Column 19+32*(k-1) for k=1...n, where n is the number of Readecrs:
Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k]=r6 A ‘m.cnt>1) {column condition}

‘vs

‘m.cnt<]

F

=(‘m.cnt>1)

—(( pID=k A IsReader) A ‘next{k]=r6 A ‘m.cnt>1)

Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 20+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS
A {( pID=k A IsReader) A *next|k]=r6 A ‘m.cnt=1) {column condition}
A NC(rdcent, rd, wt, w.cnt, w.set, m.set)
A m.cnt’=*m.cnt-1
A (Vj, ((7=kn next[j]’=NextLabel(r6)) v (j=k A next[jl'=*next(j])) )
prool:
Since all of the variables in the invariant clauses rpy, rp,, V), Vi, V3, Vg, Vg, V5 arc not changed, the truth value of them will not change, hence, they will be truc
with the after-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:
Vg

‘m.cnt<l
{substitute for ‘m.cnt with (m.cnt'+1)}
m.cnt’+i< 1
-
m.ent’s 0

F

m.cnt’<l1

A\
ov'
A NC(rdent, rd, wt, m.set, w.cnt, w.set)

A {( pID=k A IsReader) A ‘next|K]=r6 A ‘m.cnt=1)
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F

F

F

A (¥}, ((7=k Anext[j]’=NextLabel(r6)) v (jzk Anext[jI’=*next(j])) )
{replace for 'V with its definition}
(‘w.ent<l= ((‘wt=1A'rd=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A, (‘next[t|=rIseAtPwr v*next[t|=riseAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r6 A ‘m.cnt=1)
A (), (G=k Anext[j’=NextLabel(r6)) v (jzk Anext[j]'="next[j])) )

(‘w.ent<1=> ((‘wWt=1Ard=0)v(‘rd21A*wt=0) v(‘rd=0 A‘wt=0 A (3t, (t=kv tzk)A (‘next[t]=rIscAtPwr v'next[t]=rIseAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (‘next[k]=r6)

A (), ((7=k anext[j]’=NextLabel(r6)) v (j2k anext[j)’=‘next[j))) )

(‘w.ent<l= ((‘w=IA‘rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A‘wt=0 A 3t, (t=k A (‘next[t]=riseAtPwr vinext[t]=riseAtPww))v (tzk A (‘next[t]=rlscAtPwr v¢next[tj=riseAtPwW))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A ‘next[k]=r6A (¥j, ((j=k Anext[j]'=NextLabel(r6)) v (jzk Ancxt[j]’=*next[j])))

(‘w.ent<1= ((‘wt=1A‘rd=0)v(‘rd21A*wt=0) v (‘rd=0 A‘wt=0 A (3t, Falsev (t2kna (‘next[t]=riseAtPwr vénext[t]=rlscAtPww))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r6) A (Vj, ((j=k ancxt[j]’=NextLabel(r6)) v (j=k Ancxt[j]'='next[j])) )

(‘w.ent<l=> ((*w=IA‘rd=0)v(‘rd21A‘wt=0) v (‘rd=0 A‘wt=0 A (3t, (kA (‘next[tj=rIscAtPwr v*next[t]=riseAtPww))))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r6) A (Vj, ((j=k Anext[j)’=NextLabel(r6)) v (jzk anext[j]'="next[j])) )
{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in ‘Vy}

w.ent’<]|=> ((wt'=1Ard’=0) v (rd’2]1Awt’=0)v(rd’=0 awt’=0 A(3t, (t2ka (next[t]’=riscAtPwr vaext(t]’=riseAtPww)))))
Vy'

‘v,
A NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsRcader) A ‘next{k]=r6 A ‘m.cnt=1)

A (V], ((j=k Anext[j]’=NextLabcl(r6)) v (j#k Anext[j]’=*next[j])) )
{replace 'V, with its definition}

(Bi, i=k A (‘next[i]=r3 v*next[i]=riseAtPwr v¢next[i]=rdv‘next[i]=r5 v ‘next[i]=r6 v‘nextli]=rlseAtPm2vnext(i]=r7)) = ‘rdent>0)
A NC(rdcnt, rd, wt, m.sct, w.cnt, w.set)
A ‘next[k]=r6

A (Vj, ((7=k Anext[j'=NextLabel(r6) v (jzk Anext[j]’="next[j])) )
{get function value of NextLabel(r6)}

‘rdent>0
A NC(rdent, rd, wt, m.sct, w.cnt, w.sct)
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F

F

A (v, ((=k Anext[j]’=r7) v (j=k Anext[j]’=‘next[j])) )
rdent’>0n (V), ((7=k Anext[j])’=r7) v (j=k Anext{j]’=‘next(j])) )
A\

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r6 A ‘m.cnt=1)
A (Vj, ((i=k Anext[j]’=NextLabel(r6)) v (j=k Anext[j]’=*next(j])) )

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A ‘next{k]=r6
A (Y, ((i=k Anext[j]’=r7) v (j=k Anext[j]’=*next[j]}) )

—(3i, i=k Anext[i]’=rlseAtPwr)
Vi’

(( pID=k A IsReader) A ‘next[k|=r6 A ‘m.cnt=1)
A m.cnt’=*m.cnt-1

‘m.ent=1
A m.cnt’=*m.cnt-1

m.cnt’=0
m.ent’<1
\4TH

‘Via

A NC(rdcnt, rd, wt, m.sct, w.cnt, w.set)

A (( pID=k A IsRcader) A ‘next[k}=r6 A ‘m.cnt=1)

A (Vj, (j=k anext[j]’=NextLabel(r6)) v (jzk anext[j]’=*next(j])) )

(34, i=k A(‘next[i]=r1 v*next[i|=riseAtPm1v*next[i]=r2 v*next|i]=rd

vnext(i|=r5 v*next[i]=rév‘nextji]=riseAtPm2 v*next[ij=r7 v'next[i]=r9)) = ‘rd=‘rdcnt
A NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsRcader) A ‘next[k]=r6 A ‘m.cnt=1)
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A (V), ((G=k anext[j]’=NextLabel(r6)) v (jzk Anext[j]’="next[j])) )

‘rd=*‘rdent

A NC(rdent, rd, wt, m.set, w.cnt, w.set)

A ‘next|k]=r6

A (Vj, ((j=k Anext[j]’=rT7) v (j=k Anext[j]’=‘next|j])) )

rd’=rdcnt’

F

Vi’

NC(rdcent, rd, wt, m.set, w.cnt, w.set)
A ((pID=k A IsReader) A ‘next[k]=r6 A ‘m.cnt=1)
A (V], ((i=k Anext[j]’=NextLabel(r6)) v (jzk anext[j]’=*next[j])) )

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A ‘next[k]=ré
A (Y], ((j=k Anext[j]’=rT) v (j2k Anext[j]’=‘next[j])) )

—(@3i, i=k A(next[i]’=r3 v next[i]’=riseAtPwr))

Vi’

NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r6 A ‘m.cnt=1)

A (], ((i=k Anext[j]’=NextLabel(r6)) v (jzk Anext[j]>=‘next[j])) )
NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)

A ‘next[k]=r6
A Vi, ((5=k Anext[j]’=r7) v =k anext[j]’=*next[j])) )

—@3i, i=k Anext[i]’=r8)
Vi’
NC(rdent, rd, wt, m.set, w.cnt, w.set)

A ((pID=Kk A IsReader) A ‘next[k]=r6 A ‘m.cnt=1)
A (Y], ((=k Anext[j]’=NextLabel(r6)) v (jzk anext[j]’=*next[j])} )



{get function value of NextLabel(r6)}

{get function value of NextLabel(r6)}

{get function value of NextLabel(r6)}

{get function value of NextlLabel(r6)}
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NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A ‘next|k]=r6
A (Vj, ((=k Anext[j]’=r7) v (j=k Anext[j]’=next(j])) )

—(3i, i=k Anextli]’=rlscAtPww)
Vs’

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next|k]=r6 A ‘m.cnt=1)
A (Vj, ((G=k Anext|j]’=NextLabel(r6)) v (j+k Anext|j}’=*next[j])) )

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A ‘nextjk]=r6
A (V§, (G=k Anext]j]’=r7) v (j2k anext[j]’=*next[j])) )

~(3i, i=k A(next{i]’=w2 v next[i]’=w3))
Vi¢’

NC(rdcnt, rd, wt, m.sct, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next{k]=ré A ‘m.cnt=1)
A (¥, ((j=k Anext[j|'=NextLabel(r6)) v (jzk anext[j]*=‘next[j])) )

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A ‘nextik|=r6
A (Y], ((5=k Anext{j]’=r7) v (jzk anext|j]’=*next[j])) )

=(3i, i=k A(next[i]’=waitAtPm1 v next]i]’=waitAtPm2))
vy’

Column 21432*%(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS

A (( pID=k A IsReader) A ‘nextfk]=r6 A *‘m.cnt<1)

A NC(rdent, rd, wt, w.cnt, w.set)

A m.ent’=‘m.cnt-1

A mset’='m.set U {k}




{get function value of NextLabel(r6)}

{get function value of NextLabel(r6)}

{column condition}
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A (V], ((i=k A next[j]’=waitAtPm2) v (j=ka next[j]’=*next]j])))

proof:
Since al] of the variables in the invariant clauses rpy, rpy, Vy, Vy, Vs, Vy, Vg, V; are not changed, the truth value of them will not change, hence, they will be true

with the after-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:

|.

F

F

4 v5

‘m.cnt<l
{substitute for ‘m.cnt with (m.cnt’+1)}

m.cnt’+1< 1
m.cnt’< 0
m.cnt’<1
Vs’

‘Vl
A NC(rdcnt, rd, wt, w.cnt, w.sct)
A (( pID=k A IsReadcr) A *next|k]=ré A ‘m.cnt<1)

A (V], ((j=k A next[j]’=waitAtPm2) v (j=ka next{j]’=*next[j])) )
{replace 'V with its definition}

(‘w.ent<l=> ((‘wt=1A‘rd=0) v (‘rd21A*wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next[t|=riscAtPwr v‘next|t]=riscAtPww)))))
A NC(rdent, rd, wt, w.cnt, w.sct)

A (( pID=k A IsReader) A ‘next[k}=r6 A ‘m.cnt=1)

A (Y], ((Fk Anext[j]’=waitAtPm2) v (jzk anext[j]’="next[j])) )

(‘w.ent<]= ((‘wt=1A'rd=0) v (‘rd21A*wt=0)v(*rd=0 A‘'wt=0 A (31, (*next[t]=riscAtPwr v‘next[t]=rlscAtPww)))))
A NC(rdent, rd, wt, w.cnt, w.set)

A (‘next(k]=r6)

A (], ((5=k Ancxt[j])’= waitAtPm2) v (j=k Ancxt[j]’="next[j])) )

(‘w.ent<l=> ((‘w=1Ard=0)v(‘rd21A‘wt=0) v(‘rd=0 A‘wt=0 A (3t, (=kv tzk)A (‘next|t]=rlseAtPwr vénext|t]=riseAtPww)))))
A NC(rdent, rd, wt, w.cnt, w.set) A (‘next[k]=r6)A (¥, ((7=k Ancxt[j]’=waitAtPm2) v (jzk ancxt[j]’='next{j])} )

(‘w.ent<]= ((‘wt=1A‘rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A‘wt=0 A (3t, (t=k A (‘next{t]=rlseAtPwr v‘next[t]=rlscAtPww))v (tzk A (‘next[t]=rlscAtPwr v'next[t]=rlscAtPww))) )}

A NC(rdent, rd, wt, w.cnt, w.set) A (‘next[k]=r6)a (¥], ((=k Anext[j]'=waitAtPm2) v (jzk anext[j]'="next[j])) )
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(‘w.ent<1=> (‘W=IATd=0)v(‘rd21A'wt=0) v (‘rd=0 A‘wt=0 A (3t, Falsev (tzka (‘next[t]=riseAtPwr v*next(t]=rlscAtPww))) ))
A NC(rdent, rd, wt, w.cnt, w.set) A (‘next[k]=r6)a (Vj, (j=k Anext[j]'=waitAtPm2) v (jzk Anext[j]’=*next(j])) )
l.
(w.ent<l= ((‘W=1A' rd=0)v(‘rd21a*wt=0) v(‘rd=0 A‘wt=0 A (3t, (tzkn (‘nextft]=riscAtPwr v‘next|t]=riscAtPww))) )))
A NC(rdent, rd, wt, w.cnt, w.set) A (*next[k]=r6)A (Vj, (j=k anext[j]’=waitAtPm2) v (jzk Anext[j]'='next(j]}) )
{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in V)
w.ent’<l= ((w'=1Ard’=0) v (rd"21Awt’=0)v(rd’=0 Awt’=0 AQt, (t2ka (next[t]’=rlscAtPwr vnext[t]’=rlscAtPww)))))

Vy'

cv9

A NC(rdcent, rd, wt, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next[k|=r6 A ‘m.cnt<1)

A (Y], ((1=k Anext]j]’=waitAtPm2) v (jzk Anext[j]'=*next[j])) )

{replace 'V, with its definition}
((3i, i=k A (‘next[i]=r3 v¢next[i]=riseAtPwr v*next|i]=rdv next]i|=r5 v ‘next|i]=rév*‘next[i]=rlseAtPm2 v‘next|i]=r7)) = ‘rdent>0)
A NC(rdent, rd, wt, w.cnt, w.sct)
A ‘next[k]=ré
A (Y], ((j=k Anext[j]'=waitAtPm2) v (j2k Anext{j]’="next[j])))
|..
‘rdcnt>0
A NC(rdent, rd, wt, w.cnt, w.sct)
A (Y], ((G=k Anext]j]'=waitAtPm2) v (jzk Anext[j])’="next[j])) )

rdent’>0n (), ((=k Anext[j]’=waitAtPm2) v (j=zk Ancxt{j]’="ncxt[j])) )
I..

V,’

NC(rdent, rd, wt, w.cnt, w.set)
A (( pID=k A IsRcader) A ‘next{k|=ré A ‘m.cnt<1)
A (V], ((J=Kk Anext(j]’=waitAtPm2) v (j=k Anext[j]’=*next|j])) )

NC(rdent, rd, wt, w.cnt, w.set)

A ‘next[k]=ré

A (Vj, (G=k Anext[j]'=waitAtPm2) v (jzk anext[j]'=*next[j])) )
A-@3i, i=k Anext|i]’=rlseAtPwr)

Vi’
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(( pID=k A IsReader) A ‘next{k]=r6 A ‘m.cnt<I)
A m.cnt'=m.cnt-1
|.
‘m.cnt<]
A m.ent’=*m.cnt-1

F

m.cnt’<0

m.cnt’< ]

I_
Vi’

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=ré A ‘m.cnt<1)
A (Y], ((7=k Anext[j]’=waitAtPm2) v (j2k Anext[j]’=‘next[j])) )

NC(rdcnt, rd, wt, w.cnt, w.set)

A ‘next|k]|=ré

A (), ((=k Ancxt[j]’=waitAtPm2) v (jzk Anext[j}'=‘next(j])) )

A-Qi, i=k A(nextli]’=rlvnext(i]’=rlscAtPmIvnext]i]’=r2vnext|i]’=rdvnext{i]’=rSvnext[i]'=r6vnext|i] =rlscAtPm2vnext[i]’=r7vnext(i]'=r9))

Vi’

NC(rdent, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘nextfk]=r6 A ‘m.cnt<1)
A (Vj, ((j=k Anext[j]’=waitAtPm2) v (jzk Anext[j]’=*next[j])) )

NC(rdent, rd, wt, w.cnt, w.set)

A ‘next[k]=r6

A (], ((5=k Anext[j]’=waitAtPm2) v (jzk Anext[j]’=‘next[j})) )
A3, i=k A(next[i]’=r3 v next[i]’=rlseAtPwr))

Vis

NC(rdcnt, rd, wt, w.cnt, w.set)

A ((pID=Kk A IsReader) A ‘next{k]=r6 A ‘m.cat<I)

A (V] ((=k Anext[j]’=waitAtPm2) v (jzk Ancxt(j|*=‘next[j])) )

NC(rdcnt, rd, wt, w.cnt, w.set)
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A ‘next[K]=r6n (Vj, ((j=k Anext[j]'=waitAtPm2) v (jzk anext[j]’='next[j]}) )
A3, i=k Anext[i]*=r8)
|.

Vi

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘nextik|=r6 A ‘m.cnt<1)
A (i, ((=k Anext[j]’=waitAtPm2) v (j#k Anext[j}’=‘next][j])) )

NC(rdcnt, rd, wt, w.cnt, w.set)

A ‘next(k]=ré

A (Y, ((7=k Anext[j]’=waitAtPm2) v (jzk Anext[j]’=‘next[j])} )
A—(34, i=k Anextli)’=riseAtPww)

F

Vis'

NC(rdcent, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k|=r6 A ‘m.cnt<1)
A (Vj, ((J=Kk Anext[j]’=waitAtPm2) v (jzk Anext[j]’=*next[j])) )

NC(rdent, rd, wt, w.cnt, w.sct)

A ‘next(k]=r6

A (Y], ((j=k Anext[j]’=waitAtPm2) v (jzk Anext[j]'="next{j])) )
A3, i=k A(next{i]’=w2 v next{i]’'=w3))

Vi¢'

{( pID=k A IsRcader) A *next[k]=r6 A ‘m.cnt<1)
A m.ent’=‘m.cnt-1
A (], ((=k Anext[j]'= waitAtPm2) v (j#k Anext[j]’="next[j])) )

‘m.ent< 1| Am.cnt’="m.cnt-1
A (Vj, ((=k Anext(j]'= waitAtPm2) v (j=k anext[j]'="next[j])) )

m.ent’< 0 A (], ((j=k Ancxt[j]’= waitAtPm2) v (jzk anext[j]"=*next[j])) )
Vi

Column 22+32%(k-1) for k=1...n, where n is the number of Readers:
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Prove: INVARIANTS’
Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k]=waitAtPm2) {column condition}
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (Vj, ((7=k A next[j]'=*next[j]) v (j#k A next[j]’=‘next[j])} )
proof’
Since all of the variables in all of the invariant clauses are not changed, the truth value of them will not change, hence, they will be true with the after-values of
the variables.

Column 23+32*(k-1) for k=1...n, where n is the number of Readers:

Prove: INVARIANTS’

Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k|=rlseAtPm2) {column condition}
A NC(rdcnt, rd, wt, w.cnt, w.set, m.cnt, m.set)
A (Vj, ((i=k A next[j]’=NextLabel(rlscAtPm2)) v (jzk A next[j]’=*next[j])) )

proof:
Since all of the variables in the invariant clauses rpy, rpa, Vi, Va, Vi, Va, Vs, Vi, V3 are not changed, the truth vatue of them will not change, hence, they will be

true with the afier-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:
Vg
A NC(rdent, rd, wt, w.cnt, w.set, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next|k]=rlscAtPm2)
A (Vj, ((j=k A next|j]’=NextLabel(rlseAtPm2)) v (j#k A next|j]’=*next[j])) )

{replace 'Vy with its definition}

(‘w.cnt<1=> ((‘wi=1A'rd=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next{t]=rIseAtPwr v‘next|t|=riscAtPww)))))
A NC(rdent, rd, wt, w.cnt, w.set, m.cnt, m.set)
A (( pID=k A IsReader) A *next[k]=rlscAtPm2)
A (Vj, ((=k A next[j]'=NextLabel(rlscAtPm2)) v (jzk A next[j]’=next[j]}) )
'.
(w.ent<l=> ((‘W=IArd=0)v(‘rd21A‘wt=0)v(‘rd=0 A*wt=0 A 3t, (t=kv t#k)A (‘next{t]=rlscAtPwr v'next[t]=riscAtPww)))))
A NC(rdcnt, rd, wt, w.cnt, w.sct, m.cnt, m.set)
A ‘next[k])=riseAtPm2
A (Y], ((G=k A next[j]’=NextLabel(rlscAtPm2)) v (j#k A next[j]’=*next[j])) )

(‘w.ent<]=> ((‘wt=1A‘rd=0)v(‘rd21A‘wt=0) v
¢rd=0 A*wt=0 A @31, (t=k A (‘next|t]=rlscAtPwr v'next|t]=rlseAtPww))v (t#k A (‘next{t]=riseAtPwr vénext[t]=riscAtPww))) )))
A NC(rdent, rd, wt, w.cnt, w.set, m.cnt, m.sct) A ‘next{k]=rlscAtPm2a (Vj, ((j=k A next{j}'=NextLabel(rlscAtPm2)) v (jzk A next[j]*="next[j]}) )

(‘w.ent<1=> ((‘wi=1A‘rd=0)v(‘rd21A‘wt=0) v (‘rd=0 A*wt=0 A (3t, Falsev (t=ka (‘next|t]=riseAtPwr v'next(t]=rlseAtPww))) )))
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A NC(rdent, rd, wt, w.cnt, w.set, m.cnt, m.set) A ‘next[k]=rlseAtPm2 A (¥], {(j=k A nextfj]'=NextLabel(rlscAtPm2)) v (jzk A next[j]"="next[j]}) )

(‘w.cnt<I=> ((Cwt=1A‘rd=0)v(‘rd21A‘wt=0) v (‘rd=0 A‘wt=0 A 3, (tzkn (‘next(t]=rIseAtPwr vnext(t|=rlseAtPww))) )))

A NC(rdent, rd, wt, w.cnt, w.set, m.cnt, m.set) A ‘next[k]=rlscAtPm2 A (¥j, ((j=k » next[j}'=NextLabel(rlscAtPm2)) v (jzk A next[j]'=‘next[j])) )
{substitute for ‘wt, ‘rd, 'w.cnt, ‘next with corresponding after-values in ‘Vg}

w.ent’<l=> (w’=1Ard’=0) v (rd’2I1Awt’=0) v (rd’=0 Awt’=0 A(3t, (t=kn (next[t]’=rIseAtPwr vaext[t]'=rlscAtPww)))))

\/}

Wy

A NC(rdcent, rd, wt, w.cnt, w.set, m.cnt, m.set)

A (( pID=K A IsReader) A ‘next[k|=rlscAtPm2)

A (Y, ((=k A next|j]’=NextLabel(riscAtPm2)) v (jzk A next[j]’=*next[j])) )

{replace 'V, with its definition}
(@Bi, i=k A (‘next[i]=r3 v*next[i]=riseAtPwr v*next[i]=rdv*next{i]=r5 v'next{ij=r6v‘next{il=riseAtPm2 v‘next|i]=r7)) = ‘rdcnt>0)
A NC(rdcnt, rd, wt, w.cnt, w.sct, m.cnt, m.set)
A ‘next[k]=rlseAtPm2
A (Y], ((i=k A next[j]’=NextLabel(rlseAtPm2)) v (j=k A next[j]"=‘next[j))) )
- {get function value of NextLabel(riseAtPm2)}
‘rdent>0
A NC(rdent, rd, wt, w.cnt, w.sct, m.cnt, m.set)
A ‘next[k]=rlscAtPm2
A (Y, ((=k anext[j]’=r7) v (jzk A next[j]>=*next(j])) )

rdent’>0n (Vj, ((7=k A next[jI'=r7) v (jzk A next[j])'="next[j])) )
|.
\Z%

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)

A ((pID=k A IsReader) A ‘next|k]=rlscAtPm2)

A (Vi, ((i=k A next[j]’=NextLabel(rlseAtPm2)) v (Jj#k A next{j]’=*next[j])) )

{get function value of NextLabel(riseAtPm2)}
NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘next{k]=riseAtPm2

A (Y], ((=k Anext{jl’=r?) v (jzk anext|j]’=*next(j])) )
—(3i, i=k Anext}i]'=rlscAtPwr)

VID,
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‘Viu
A NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=rlseAtPm2)

A (¥}, ((j=k A nextfj]’=NextLabel(riseAtPm2)) v (j=k A next{j]’="next[j])))
{replace 'V,, with its definition}

@i, i=k A(‘next[i]=rlseAtPm1v‘next[i]=r2 v‘next[i]=r3v‘next[i]=riseAtPwr
vnext[i]=rd v*‘next[i]=riseAtPm2 v*next[i]=r7 v*next[i]=r8 v*next[i]=r9)) =>‘m.cnt<1
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next[k]=rlseAtPm2
A (V], ((i=k Anext[j]'=NextLabel(rlscAtPm2)) v (jzk anext{j)’='next[j])) )
F {get function value of NextLabel(rlseAtPm2)}
‘m.cnt<]
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)

L A (Vi, ((5=k Anext[j]’=rT) v (jzk Anext]j]’=next[j])) )
m.cent’<] A (), (G=k Anext[j]'=r7) v (j=k Anext[j]'=‘next(j])))
vy’

‘Viz
A NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsReader) A ‘next{k|=rlscAtPm2)

A (Vi, ((i=k A next[j]’=NextLabel(riscAtPm2)) v (j2k A next{j]’=‘next[j])) ) . "
{replace 'V, with its definition}

3i, i=k A(‘next[i]=r1 v*next|i]=riseAtPm1v¢next[i]=r2 v*next|i]=r4
vinext|i]=r5 v'next[i]=r6v‘next[i|=rlseAtPm2 v¢next[i]=r7 v*next|ij=r9))=> ‘rd=‘rdcnt
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (( pID=k A IsReader) A ‘next[k]=rlscAtPm2)
A (Y], ((G=k Ancxt[j]’=NextLabel(rlseAtPm2)) v (j2k anext{j]'=*next[j})) )
F {get function value of NextLabel(rlseAtPm2)}
‘rd=‘rdent
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct) A ‘next{k|=rlscAtPm2
A (Y], ((=k Anext[j]’=r7) v (j=k anext{j]’=*next[j])) )

rd’=rdent’

A4ty
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NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next|k]=riseAtPm2)
A (Vi, ((j=k A next[j]’=NextLabel(rlseAtPm2)) v (jzk A next[j]’=*next[j])) )

NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next{k]=rlseAtPm2
A (Vs ((=k Anext{j]’=r7) v (j£k Anext{j]’="next[j])) )

—(@3i, i=k A(next]i)’=r3 v nextli]’=rlscAtPwr))
Vi

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next{k]=rlseAtPm2)
A (), ((7=k A next[j]’=NextLabel(rlseAtPm2)) v (j#k A next[j]’=*next[j])) )

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next|k]=rlscAtPm2
A (Vj, (G=k Anext[j]’=rT) v (jzk anext[j]>=‘next(j])) )

—(3i, i=k Anext[i]’=r8)

Vi

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)

A ((pID=k A IsRcader) A ‘next{k|=rlscAtPm2)

A (¥, ((j=k A next[j]’=NextLabel(rlscAtPm2)) v (j#k A next{j]>=‘next[j])) )
NC(rdcnt, rd, wt, m.cnt, m.sct, w.cnt, w.sct)

A ‘nextk]=riscAtPm2

A (Vj, ((i=k Anext[j]’=rT7) v (j#k Anext{j]’=*next[j])) )

—(3i, i=k Anext{i]’=rlseAtPww)

Vis

NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A (( pID=k A IsReader) A *next{k]=rlscAtPm2)
A (Vj, ((j=k A next{j]’=NextLabel(rlseAtPm2)) v (j#k A next[j]'=*next{j])))
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{get function value of NextLabel(rlseAtPm2)}

{get function value of NextLabel(rlseAtPm2)}

{get function vaiue of NextLabel{rlseAtPm2)}



F {get function value of NextLabel(riseAtPm2)}
NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next[k]=riseAtPm2
A (i, ((i=k Anext[j]’=r7) v (jzk Anext[j]’=‘next[j})) )

—(3i, i=k A(next[i]’=w2 v next[i]’=w3))
Vig’

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=rlscAtPm2)
A (Vj, ((=k A next{j]’=NextLabel(rlseAtPm2)) v (jzk A next[j]’=*next{j
(v, @ Bl ¢ Nvd ul uiny {get function value of NextLabel(rlseAtPm2)}
NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.sct)
A ‘next|k]=rlsecAtPm2
A (Y], ((j=k Anext[j]’=rT) v (i#k Anext[j]’=*next[j])) )

—~(3i, i=k A(next[i]’=waitAtPm] v next[i]’=waitAtPm2))
Vi

Column 24+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS .
A (( pID=k A IsReader) A ‘next[k|=r7) {column condition}
A NC(rd, wt, w.cnt, w.set, m.cnt, m.set)
A rdent’=‘rdent-1
/}(Vj, ((G=k A next[j]’=NextLabel(r7)) v (j=k A next[j]’=*next[j])) )
proof:
Since all of the variables in the invariant clauses rpy, rpy, Vi, Vi, Vs, Vs, Veare not changed, the truth value of them will not change, hence, they will be true
with the after-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them onc at a time as below:
((pID=K A IsReader) A ‘next|k]=r7)
A ‘VQ
A rdent’=‘rdent-1
|.
((pID=k A IsReader) A ‘next[k]=r7)
AQI, ‘nextil=r7 = ‘rdent>0)
A rdent’="'rdcnt-1
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‘rdcnt>0A rdent’=*rdcnt-1

{substitute for ‘rdcnt with (rdent'+1)}
rdent’+1>0

rdent’>-1

T T T T

rdent’20

vy

Lv_’
A NC(rd, wt, w.cnt, w.set, m.cnt, m.set)
A rdent’=*rdent-1

‘rdent>1=> ‘rd 2 0
A NC(rd, wt, w.cnt, w.sct, m.cnt, m.set) A rdent’=*rdent-1

F {substitute for ‘rdent, ‘rd with (rdent'+1), rd’}
rdent’+1>1=>rd’ 20

rdent™>0=>rd’' 20
A rdent’>1=> rdent’>0

l.

rdent’>1=>rd*' 20

vy

Wy

A (( pID=k A IsReader) A *next{k]=r7)

A NC(rd, wt, w.cnt, w.set, m.cnt, m.set)

A (V], ((i=kA next[j]’=NextLabel(r?7)) v (jzk A next[j]’=*next{j])) )

{replace 'Vy with its definition}
(‘w.ent<I=> ((‘wt=1A'rd=0) v (‘rd21A'wt=0) v (‘rd=0 A‘wt=0 AQ3t, (‘next[t]=riseAtPwr vinext[t]=riscAtPww)))))
A NC(rd, wt, w.cnt, w.set, m.cnt, m.set) A (( pID=k A IsReader) A ‘next[k]=r7)A (Vj, ((j=k A next[j]'=NextLabel(r7)) v (j#k A nextfj]'="next[j])) )
'_
(‘w.ent<l= ((Cwi=IA rd=0)v(‘rd21A*wt=0) v (‘rd=0 A‘wt=0 A (3, (t=kv tzk)A (‘next{t]=rIscAtPwr v*next[t]=riscAtPww)))))
A NC(rd, wt, w.cnt, w.set, m.cnt, m.set) A (( pID=k A IsReader) A ‘next[k]=r7)a (Vj, ((j=k A next[j]'=NextLabel(r7)) v (jzk A next[j]’="next[j])) )
'.

(‘w.ent<i= ((‘wi=lA‘rd=0)v(‘rd21A‘wt=0) v
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(‘rd=0 A‘wt=0 A (3t, (t=k A (‘next[t]=rIscAtPwr v'next[t]=rlseAtPww))v (tzk A (‘next|t]=rlseAtPwr vénext|[t]=riseAtPww))) )
b A NC(rd, wt, w.cnt, w.set, m.cnt, m.set) A (( pID=k A IsReader) A ‘next(k]=r7) (V], ((j=k » next[j]'=NextLabel(r7)) v (jzk A next[j]'='next[i])) )
(‘w.ent<l= ((‘wEIArd=0)v(‘rd21A‘wt=0) v (‘rd=0 A‘wt=0 A (3t Falsev (tkn (‘next[t]=rlseAtPwr v*next(t]=rlseAtPww))) )))
b A NC(rd, wt, w.cnt, w.set, m.cnt, m.set) A (( pID=k A IsReader) A ‘next[k}=r7)a (¥j, ((j=k A next[j]’=NextLabel(r7)) v (jzk A next[j]’="next[j})) )
(‘w.ent<l= ((‘wt=1A‘rd=0)v(‘rd21A*wt=0) v (‘rd=0 A‘'wt=0 A (3t, (tzka (‘nextit]=rlseAtPwr v‘next[t]=rIscAtPww))) )))
A NC(rd, wt, w.cnt, w.set, m.cnt, m.set) A (( pID=k A IsRcader) A ‘next[k]=r7)a (Vj, ((j=k A next[j]’=NextLabel(r7)) v (j=k A next[j]'=*next[j]}) )
{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in ‘Vy}

w.ent’<l=> (wt'=1Ard’=0)v(rd’21Awt’=0)v(rd’=0 Awt’=0 A, (txka (next[t]’=riseAtPwr vnext|t]’=rlscAtPww)))))

\/}

NC(rd, wt, w.cnt, w.set, m.cnt, m.set)
A rdent’=‘rdcent-1
A (( pID=k A IsReader) A ‘next[k]=r7)
A (Vj, ((G=k A nextlj]’=NextLabel(r7)) v (jzk A next[j]’=‘next[j])) )
F {get function value of NextLabel(r7)}
NC(rd, wt, w.cnt, w.sct, m.cnt, m.set)
A rdent’=‘rdent-)
A ‘next[k]=r7
A (Y], ((i=k A next[j]’=r8) v (jzk A next[j]’=*next[j])) )

—(@3i, i=k A(next[i]’=r3 v next[i]’=rlseAtPwr v next[i]’=rdv next[i]’=r5 v next[i]'=rév next[i]’=rlseAtPm2vnext|i]’=r7))

Vy’

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r7)

A (¥, ((i=k A next[j]’=NextLabel(r7)) v (i=k A next[j]'=‘next[j])) )
{get function value of NextLabel(r7)}

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A ‘next|k]=r7

A (Vi ((J=k Anext|j]’=r8) v (izk Anext[j]'=*next[j])) )
-3, i=k Anext|i]’=rlseAtPwr)

Vio'
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F

Vi

A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r7)

A (VYj, ((7=k A next[j]’=NextLabel(r7)) v (jzk A next[j]’=‘next[j])) )

{replace 'V,, with its definition}
@3i, i=k A(*next[i]=rlscAtPmI1v¢next[i]=r2 v‘next(i]=r3v*‘next{i]=riscAtPwr

vénext|ij=r4 v‘next(i]=rlseAtPm2 v‘next[ij=r7 v‘next|i]=r8 v‘next[i]=r9)) =>‘m.cnt<1
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next]k]=r7
A (Y], (G=k Anext[j]'=NextLabel(r7)) v (jzk anext[j]’=*next[j])})

{get function value of NextLabel(r7)}
‘m.cnt<1

A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A (Vj, ((=k Anext{j]’=r8) v (jzk Anext[j]’=*next|j])) )

m.ent’<1A (V), ((=k anext[j]'=r8) v (jzk Anext[j]’=*next[j])) )
\{Th

NC(rd, wt, m.cnt, m.set, w.cnt, w.sct)
A ({ pID=k A IsReader) A ‘next[k]=r7)
A (V], ((j=k anext|j]’=NextLabel(r7)) v (jzk anext[j]’=next[j])) )

{get function value of NextLabel(r7)}
NC(rd, wt, m.cnt, m.sct, w.cnt, w.set)

A (¥, ((j=k anext[j]’=r8) v (j2k Anext{j]’=*next(j])))

—@3i, i=ka(next[i]’=rIvnext[i]'=riscAtPmvnextfi]’=r2vnext[i]’=rdvnext[i]’=rSvnext[i]’=révnext[i]’=riscAtPm2vnext[i]"=rTvnext|i]'=r9))
Vi

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r7)
A (Vi (j=k Anext[j]>=NextLabel(r7)) v (jzk Anext[j]’=*next(j])} )

{get function value of NextLabel(r7)}
NC(rdent, rd, wt, m.set, w.cnt, w.sct)

A (V] ((j=k Anext[j)’=r8) v (J#k anext{j]’=next{j[)))

—(3i, i=k A(next[i]’=r3 v next|i]’=rlscAtPwr))
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F

F

Vi3’

Vi
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A rdent’=‘rdent-1
A ((pID=k A IsReader) A ‘next(k]=r7)
A (Vj, ((7=k Anext[j]’=NextLabel(r7)) v (j2k Anext[j]’=*next[j})) )
{replace 'V,; with its definition}
@3i, i=k A(‘next(i]=r1v*next[i|=rlseAtPm1v‘next(i]=r2v‘next|i]=r4
vénext[i]=rS vnext[i]=r6 v'nextli]=rlseAtPm2 v*next([i]=r7 v‘next[i]=r9))=>‘rd=‘rdent
A NC(rd, wt, m.cnt, m.set, w.cnt, w.set)
A ‘next[k]=r7
A (], ((j7=k Anext[j]'=NextLabel(r7)) v (j=k anext[j]’="next[j])) )
{get function value of NextLabel(r7)}
‘rd=‘rdent
A NC(rd, wt, m.cnt, m.sct, w.cnt, w.set)
A (Vj, ((i=k Anext[j]’=r8) v (jzk Anext[j]’=‘next{j])) )
{substitute for ‘rd, ‘rdcntt with corresponding after-values}

rd’=rdent’+1 A (Vj, ((j=k Anext[j]’=r8) v (jzk anext[j]’=‘next[j])) )

Vo

NC(rd, wt, m.cnt, m.sct, w.cnt, w.set)

A (( pID=k A IsRcader) A *next[k]=r7)

A (Y], (G=k Anext[j]’=NextLabel(r7)) v (j=k Anext[jI’=*next[j])) )
{get function value of NextLabel(r7)}

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)

A (Vj, ((j=k Anext[j]’=r8) v (j#k Anext[j]’=‘next[]])) )

=(3i, i=k Anext[i]’=riscAtPww)
VIS'

NC(rd, wt, m.cnt, m.sct, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r7)

A (], ((=k Anext[j]’=NextLabel(r7)) v (jzk anext[jI’=*next|j])) )
{get function value of NextLabel(r7)}

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)
A (V] ((J=k Anext[j]’=r8) v (jzk anext[jI’=*next[}])) )
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|.

=(3i, i=k A(next[i]’=w2 v next[i]’=w3))

Vie'

NC(rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r7)

A (Vj, ((7=k Anext[j]’=NextLabel(r7)) v (jzk anext{j}’=*next(j})) )

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (¥, (G=k Anext[§]’=r8) v (j2k Anext[j]’=*next[j])) )

—(3i, i=k A(next{i]’=waitAtPm1 v next{i]’=waitAtPm2))

\{t

Column 25+32*(k-1) for k=1...n, where n is the number of Readers:
Given ‘INVARIANTS

A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0A‘w.cnt>0)

‘V4 /\‘Vg A‘Vu
A (( pID=k A IsRcader) A ‘next[k]=r8 A ‘rdent=0A'w.cnt>0)

(‘w.cntsl)

A ‘went=1= (‘wt=0A‘rd=0)

A 3i, i=k A ‘next{i]=r8) = ‘rd=*‘rdcnt+1

A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0A"w.cnt>0)

F

(*w.cnt<lv ‘w.cnt=1)

A ‘w.ent=1=> (‘wi=0A'rd=0)

A (3i, *next[i]=r8) = ‘rd='rdcnt+1

A (( pID=k A IsReader) A ‘next{k]=r8 A ‘rdcnt=0A‘w.cnt>0)

(*w.cni<lv ‘w.ent=])

A ‘w.ent=1=> (‘wt=0A‘'rd=0)

A ‘rd=1

A ({ pID=k A IsReader) A ‘next[k]=r8 A *rdcnt=0A‘w.cnt>0)

(‘w.ent<lv ‘w.ent=1)



{get function value of NextLabel(r7)}

{column condition}

{replace 'V, ‘V¢ 'V, with its definition}

173



A—(*w.ent=1)

‘w.cnt<l

F

= (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdent=0A‘w.cnt>0)
Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 26+32*(k-1) for k=1...n, where n is the number of Readers:

Prove: INVARIANTS’
Given ‘INVARIANTS
A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)
A NC(rdcent, wt, w.set, m.cnt, m.set)
A rd’=‘rd-1
A w.ent’=‘w.cnt+l
A V), ((G=k A next[j]>=NextLabel(r8)) v (j#zk A next[j]’=*next(j])) )

proof: ) )
Since all of the variables in the invariant clauses rp;, V3, V, Vs are not changed, the truth value of them will not change, hence, they will be true with the after-

values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them onc at a time as below:

((pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)
A ‘V“ A ‘Vl
A NC(rdcnt, wt, m.cnt, m.set, w.set)

{column condition}

(( pID=k A IsRecader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)
A @i, i=k A ‘next(i]=r8) = ‘rd=‘rdcnt+1
A (*went<1= ((WEIATd=0)v(‘rd2IA‘Wt=0) v (‘rd=0 A‘wt=0 A, (‘next{t]=riscAtPwr v*nextitj=riseAtPww)))))
A NC(rdcnt, wt, m.cnt, m.set, w.sct)
'.
(‘next[k]}=r8 A ‘rdent=0 A ‘w.cnt=0)
A ‘rd=‘rdent+]
A (‘went<l= ((‘wi=1Ard=0)v(‘rd21A'wt=0) v (‘rd=0 A*wt=0 A(3t, (‘next[t]=rlscAtPwr v'next[t]=rlscAtPww)))))
A NC(rdent, wt, m.cnt, m.set, w.set)

(‘nexi(k}=T8 A ‘w.cnt=0)

A‘rd=1

A (‘w.ent<l=s ((‘wi=1A‘'rd=0)v(*rd2 1 A‘wt=0) v (‘rd=0 A*'wi=0 A(3t, (*next[t]=rlscAtPwr v'next[t}=rlscAtPww)))))
A NC(rdcent, wt, m.cnt, m.set, w.sct)

‘rd21 A ‘wt= 0A NC(rdent, wi, m.cnt, m.set, w.sct)
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|.
+

.
|.
F
I.

‘wt= 0n NC(rdcnt, wt, m.cnt, m.set, w.set)

wt'=0
rpy’
(( pID=K A IsReader) A ‘next[k|=r8 A ‘rdcnt=0 A ‘w.cnt=0)
A ‘V,,.
Ard’=‘rd-1

(‘next[k]=r8 A ‘rdent=0 A ‘w.cnt=0)

A @i, i=Kk A ‘next]ij=r8) = ‘rd=‘rdcnt+1

A rd’=‘rd-1

‘rdent=0 A ‘rd=*rdcent+1A rd'=*rd-1

‘rd=1 A rd’="rd-1

rd’=0

rd’20

v,

(( pID=k A IsReader) A *next|k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)
A w.ent’=tw.ent+1

F
F

‘w.cnt=0A w.cnt’="w.cnt+]
w.cnt’=1

w.ent’s 1

\ 7%

‘Vya'VYy,

A (( pID=Kk A IsReader) A ‘next|[k]=r8 A ‘rdent=0 A ‘w.cnt=0)
Ard’=‘rd-1



{substitute for ‘wt with wt'}

{substitute for ‘rd with rd’~1}

{substitute for ‘w.cnt with w.cnt’-1}
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A w.ent’=*w.cnt-1

(‘w.ent<1= ((‘wt=1Ard=0)v(‘rd21A*wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next|t]=riseAtPwr v‘next{t]=riscAtPww)))})
A 3i, i=k A ‘next[i}=r8) = ‘rd=‘rdcnt+1

A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)

Ard’='rd-1 A w.cnt’=‘w.cnt-1

‘.
(‘w.ent<l= ((‘wt=1A°rd=0)v(‘rd21A‘wt=0) v (‘rd=0 A‘wt=0 AQ3t, (‘next[t]=rlseAtPwr v‘next[t]=riscAtPww)))))
A ‘rd=‘rdcnt+1
A ‘rdent=0 A ‘w.cnt=0
A rd’='rd-1 A w.ent’=‘w.cnt+l
'.
(‘w.ent<1=> ((‘Wt=1A'rd=0)v(‘rd21A‘'wi=0) v (‘rd=0 A‘wi=0 A(3t, (‘next[t]=rlscAtPwr v'next[t]=rlseAtPww)))))
A ‘rd=1
A ‘w.cnt=0
Ard’='rd-1 A w.cnt’='w.cnt+]
I.
(‘rd=1 A ‘wt=0)
A ‘w.ent=0

A1d’=‘rd-1 A w.ent’='w.cnt+]
{substitute for ‘rd, ‘wt, ‘w.cnt with corresponding after-values}
(rd’=0 Awt’=0) A w.cnt’=1

\7%

(( pID=k A IsReader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt=0)
A NC(rdcent, wt, m.cnt, m.set, w.set)

‘rdent=0
{substitute for ‘rdcnt with rdent’}
rdent’=0

—(rdcnt’> 1)

T T T T

\Z%

(( pID=k A IsReader) A ‘next{k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)
A w.ent’=*w.cnt-1
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F

l.

|,.

L
I.
F
F

‘w.cnt=0 A w.cnt’=‘w.cnt-1

w.ent’=1

—(w.cnt’< 1)

Vg’

NC(rdcnt, wt, w.set, m.cnt, m.set)

A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)

A (Vj, ((i=k A next[j}’=NextLabel(r8)) v (j#k A next[j]’=next|j])) )
NC(rdent, wt, w.set, m.cnt, m.sct)

A ‘next|k]=r8
A (Y], ((j=k A next]j]’=r9) v (jzk A next[j]'="next[j])) )

{substitute for ‘w.cnt with w.cnt’}

{get function value of NextLabel(r8)}

—(3i, i=k A (next[i)’=r3 v next[i]’=rlseAtPwr v next|i]’=rdv next[i]’=r5 v next|i]’=rév nextfi]’=rlscAtPm2vnext|i]’=r7))

vy’

NC(rdcnt, wt, w.sct, m.cnt, m.sct)
A (( pID=k A IsReader) A ‘nextjk]|=r8 A ‘rdent=0 A ‘w.cnt=0)
A (V], ((i=k A next[j)’=NextLabel(r8)) v (j=k A next[j]'=*next[j])) )

NC(rdent, wit, m.cnt, m.sct, w.sct)
A ‘next[k]=r8
A (V], ((1=k Anext[j]’=r9) v (jzk Anext|j]’=*next(j])) )

—(3i, i=k Anext|i]’=rlscAtPwr)

Vi’

‘Y

A NC(rdcnt, wt, w.set, m.cnt, m.sct)

A (( pID=k A IsReader) A ‘next|k}=r8 A ‘rdent=0 A ‘w.cnt=0)
A (V], ((7=k A next{j]’=NextLabel(r8)) v (J#k A next{j]’=*next{j])) )

3, i=k A(‘next]ij=riscAtPmIv*next{ij=r2 v'next[i]=r3v*next|i]=riscAtPwr

{get function value of NextLabel(r8)}

{replace 'V, with its definition}



F

vénext[i]=rd v:nextjij=rlseAtPm2 v‘next(i]=r7 v‘next|[i]=r8 v‘next|[i]=r9))=>‘m.cnt<1

A NC(rdent, wt, m.cnt, m.set, w.set)
A ‘next[k]=r8
A (], ((G=k Anext[jl’=NextLabel(r8)) v (j#k Anext[j]’='next[j])))

‘m.cnt<1
A NC(rdcnt, wt, m.cnt, m.set, w.set)
A (Vi, (i=k Anext[j]’=r9) v (jzk Anext[j]’=*next[j])) )

m.cnt’<1A (Vj, (j=k Anext[j]’=r9) v (jzk Ancxt[j]’=*next[j])) )
v

Vi

A NC(rdent, wt, m.cnt, m.set, w.sct)

Ard’=‘rd-1

A (( pID=k A IsReader) A ‘next[k|=r8 A ‘rdcnt=0 A ‘w.cnt=0)

A (Y], (j=k Anext[j]’=NextLabel(r8)) v (jzk Anext[j]’=*next|j])))

@3i, i=k A‘next|i]=r8) =>‘rd=*rdcnt+1

A NC(rdcnt, wt, m.cnt, m.set, w.sct) A rd’=*rd-1

A ‘next[k]=r8

A (Y], ((G=k Anext[j]’=NextLabel(r8)) v (jzk Anext[j]’=*next[j})) )

‘rd=*rdcnt+1

A NC(rdent, wt, m.cnt, m.set, w.set) A rd"=‘rd-1

A (Vj, (1=k Anext[j]’=r9) v (j=k Anext[j]’=next[j])) )
rd’=rdent’

Vi’

NC(rdcnt, wt, m.cnt, m.set, w.set)

A ((pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)

A (Y], (i=k Anext[jl’=NextLabecl(r8)) v (j=k Anext[jI’=‘next(j])))

NC(rdent, wt, m.cnt, m.set, w.sct)
A (Y], ((=k Anext[j]’=r8) v (jxk Anext[j]*=*nextljl)))

{get function value of NextLabel(r8)}

{replace 'V,, with its definition}

{get function value of NextLabel(r8)}

{substitute for ‘rd, ‘rdcntt with corresponding after-values}

{get function value of NextlLabel(r8)}
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=(3i, i=k A(next{i]’=r3 vnext{i]’=rlseAtPwr))
Vi’

NC(rdcnt, wt, m.cnt, m.set, w.set)
A ((pID=k A IsReader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt=0)
A (], 5=k anext[j]’=NextLabel(r8)) v (j=k Anext[j]>=*next|j])))

NC(rdcnt, wt, m.cnt, m.set, w.set)
A (Y], ((G=k Anext[j]’=r9) v (jzk Anext[j]’=*next[j])) )

—(3i, i=k Anext|i]’=r8)
Vi

NC(rdcnt, wt, m.cnt, m.set, w.set)
A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt=0)
A (Vj, (i=k Anext[j|’=NextLabel(r8)) v (i2k Anext[j]’=*next[j])))

NC(rdent, wi, m.cnt, m.set, w.set)
A (V], ((=k Anext[j]’=r9) v (jzk Anext{j]’=‘next[j})))

(31, i=k Anext{i]’=rlscAtPww)
Vis

NC(rdcent, wt, m.cnt, m.set, w.set)
A ((pID=k A IsReader) A ‘next|k]=r8 A ‘rdent=0 A ‘w.cnt=0)
A (Y], (7=k Anext|j '=NextLabel(r8)) v (j2k anext[j]’=next[j])))

NC(rdcnt, wt, m.cnt, m.set, w.sct)
A (), (G=k Anextlj|’=r9) v (j2k Anext(j]’=*next{j])) )

(3, i=k A(next{i]’=w2 v next[i]’=w3))
Vi’

NC(rdcnt, wt, m.cnt, m.sct, w.sct)
A (( pID=Kk A IsReader) A ‘next{k]=r8 A ‘rdent=0 A ‘w.cnt=0)



{get function value of NextLabel(r8)}

{get function value of NextLabel(r8)}

{get function value of NextLabel(r8)}
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A (Vj, (i=k Anext[j]’=NextLabel(r8)) v (j#k Anext[j]’=*next{j])))

{get function value of NextLabel(r8)}
NC(rdent, wt, m.cnt, m.set, w.set)
A (Vj, ((i=k Anext[j}’=r9) v (j=k Anext{j]’=‘next{j})) )

~(3i, i=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))

Vir

Column 27+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS

A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)

A NC(rdent, wt, m.cnt, m.set)

A rd’=‘rd-1

A w.ent’=‘w.cnt+1

A wset’=(3t, (‘w.set-{t}) A‘next[t]=waitAtPww)

A (¥}, (j=k A next[j]’=NextLabel(r8))
v (izk A je(‘w.set-w.set’) A‘next[j]=waitAtPww A next[j]’=riseAtPww)v (j2k A je(‘w.sct-w.set’)anext|j]’=*next[j])))

{column condition}

proof:
Since all of the variables in the invariant clauscs rp,, V3, V, Vs are not changed, the truth valuc of them will not change, hence, they will be true with the after-

values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:

(( pID=k A IsReader) A ‘next[k|=r8 A ‘rdent=0 A ‘w.cnt<0)
A ‘VN A ‘Vg
A NC(rdent, wt, m.cnt, m.set)

(( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)

A 3§, i=k A ‘next|i]=r8) = ‘rd=*rdcnt+1

A (‘weent<l= ((‘wi=1Ard=0)v(‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A(St, (‘next{t]=riscAtPwr vinextt]=riseAtPww)))))
" A NC(rdcent, wt, m.cnt, m.set)

(‘next{k}=r8 A ‘rdent=0 A ‘w.cni<0)

A ‘rd=*rdent+1

A (‘w.ent<l= ((‘wt=1A‘rd=0)v(*rd2 1 A'wt=0)v(‘'rd=0 A'wt=0 A(3t, (‘next{t]=rlscAtPwr v‘next[t]=rlscAtPww)))))

A NC(rdent, wt, m.cnt, m.set)

(‘next(k]=r8 A *w.cnt<0)
A ‘rd=1
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A (‘w.ent<I=> ((‘wi=1Atd=0)v(*rd2 1 A‘ wt=0)v(‘rd=0 A*wt=0 A(3t, (‘next[t]=riseAtPwr v‘next[t]=riscAtPww)))))

A NC(rdent, wt, m.cnt, m.set)

‘.
‘rd21 A ‘wt= 0 A NC(rdcnt, wt, m.cnt, m.set)
l.
‘wt= 0 A NC(rdcnt, wt, m.cnt, m.set)
|.
wt'={
rpy’
(( pID=k A IsReader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt<0)
A Vi
A rd’=*rd-1
(‘next|k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A (3i, i=k A ‘next{i}=r8) = ‘rd=‘rdcnt+1
A rd’=‘rd-1
|.
‘rdent=0 A ‘rd=‘rdcnt+1 A rd’="rd-1
'.
‘rd=1 A rd’='rd-1
|.
rd'=0
'.
rd’20
vy
(( pID=k A IsReader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt<0)
A w.ent’=w,.cnt+l
I.
‘w.cnt<0 A w.ent'='w.cnt+]
|.
w.ent’<l
l,.
w.ent’s |
\ %
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{substitute for ‘rd with rd'-1}

{substitute for ‘w.cnt with w.cnt’-1}
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T T T 7T

(( pID=k A IsReader) A ‘next{k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A w.ent’=‘w.cnt-1

‘w.cnt<0 A w.cnt’='w.cnt+]

{substitute for ‘w.cnt with corresponding after-values}
w.cent’<1
~(w.cnt’= 1)

V'

((pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A NC(rdcnt, wt, m.cnt, m.set)

‘rdent=0
{subslitute for ‘rdcnt with rdcnt’}

rdent’=0
—=(rdent’> 1)
\ 7N

cvu
A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt<0)
A ‘VH
A NC(rdent, wt, m.cnt, m.set)
Ard’=‘rd-1
A w.ent’=‘w.cnt+1
A wset’=(3t, (‘w.set-{t}) A‘next[t]=waitAtPww)
A (Vj, =k A next[j]’=NextLabecl(r8))
v (j2k A je(*w.set-w.set’) A‘next[jl=wait AtPww A next[j]’=rIscAtPww)v (jzk A je(‘w.set-w.set’)Anext[j]'=*next([j])))
{replace 'Vy ‘V,, with its definition}
(‘w.ent<l= ((‘wi=1a‘rd=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next[t]=riscAtPwr v‘next|t]=riscAtPww)))))
A (3i, i=k A ‘next|i]=r8) = ‘rd=‘rdcnt+1
A ((pID=k A IsRcader) A ‘next[k]=r8 A ‘rdcnt=0 A *w.cnt<0)
A NC(rdent, wt, m.cnt, m.set) A rd’=‘rd-1 A w.cnt’="w.cnt+1 A wset'=(3t, (‘w.sct-{t}) A‘next[t]=waitAtPww)
A (Vj, (j=kanext[j]'=NextLabel(r8)) v (jzka je(‘w.sct-w.set’) A'next[jl=waitAtPww A next[j]’=rlscAtPww)v (i#kA je(*w.sct-w.set )anext[j]'="next[j])))
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(‘rd21A‘wt=0)

A ‘rd=1

A ‘next{k]=r8 A ‘w.cnt<0

A NC(rdent, wt, m.cnt, m.set) A rd’='rd-1 A w.cnt’='w.cnt+1 A w.set’=(3t, (‘w.set-{t}) A‘next[t]=waitAtPww)

A (Y, (j=kanext[j]’=NextLabel(r8)) v (jka je(‘w.sct-w.set’) A'next[jl=waitAtPww A nextfj]'=rlscAtPww)v (jzkn je(‘w.set-w.set’)anext{j]’= next[j})))

‘wt=0
A ‘rd=1
A ‘next{k|=r8 A ‘w.cnt<0
A NC(rdcnt, wt, m.cnt, m.set) A rd’='rd-1 A w.ent’="w.cnt+] A w.set'=(3t, (‘w.set-{t}) A*next[t]=waitAtPww)
A (], (j=kanext[j}'=NextLabel(r8))v (j2ka je(‘w.sct-w.set’) A*next[j]=waitAtPww A next[j]'=riscAtPww)v (jzka je(‘w.set-w.sct’)anext[j]’=*next[j])))
- {substitute for ‘w.cnt, ‘wt, ‘rd}
w.cnt’<1
A (rd’=0 Awt’=0 A(3t, te(‘w.set-w.set’) Anextit]’=riscAtPww)
I.

A

NC(rdcnt, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A (¥, (j=k A next[j]’=NextLabel(r8))

v (J2k A je(“‘w.set-w.set’) a‘next[jl=waitAtPww A next[jI’=rIscAtPww)v (jzk A je(‘w.set-w.set’)anext[j]"=next[j])))

{get function value of NextLabel(r8)}

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A (‘next[k|=r8)
A (Y], (j=k A next[J]’=r9) v (j=k A je(‘w.sct-w.sct’) A'next[j]=waitAtPww A next{j]’=rlscAtPww)v (jzk A je(‘w.set-w.set’)anext[j]'=*next[j])))

-3, i=k A(next[i]’=r3 v next[i]’=rlscAtPwr v next[i]*=rdv next|i]’=r5 v next[i]’=r6 v next[i]*=rilscAtPm2vnext(i]'=r7))
\7%

NC(rdcnt, wt, m.cnt, m.sct)
A ((pID=k A IsRecader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt<0)
A (V], =k A next|j]’=NextLabel(r8))

v (Jzk A je(*w.set-w.set’) A‘next|jl=waitAtPww A next[J]’=rlseAtPww)v (J#k A jg(*w.set-w.set*)anext]jl*=*next(j]))

{get function value of NextLabel(r8)}
NC(rdcnt, wt, m.cnt, m.set)

A ‘next|k]=r8
A (), =k A next[j]'=r9) v (j=k A je(‘w.sct-w.set") A'next(j]=waitAtPww A next[j]'=rIscAtPww)v (jzk A je(*w.set-w.set )anext{j]'="next[j})))
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F

F

F

F

—(3i, i=k Anext(i}’=riseAtPwr)
Vi’

Vi
A NC(rdcnt, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A (V], (7=k A next[j]’=NextLabel(r8))
v (j#k A je(‘w.set-w.set’) A‘next[jl=waitAtPww A next[j]*=riseAtPww)v (jzk A je(‘w.set-w.set’)Anext[j]’=*next[j])))
{replace 'V, with its definition}
@i, i=k A(*next[i]=riseAtPmIv*next[i]=r2 v‘next[i]=r3v‘next[i]=rlscAtPwr
vénext[i]=r4 v¢nextli]=rlscAtPm2 v‘next(i]=r7 v'next[i]=r8 v*next[i]=r9)) =‘m.cnt<1
A NC(rdent, wt, m.cnt, m.set)
A ‘next[k|=r8
A (Vj, (7=k A next[j]’=NextLabel(r8)) v (j=k A je(*w.sct-w.sct’) A‘next[jJ=waitAtPww A next[j]’=rlscAtPww)v (jzk A je(‘w.set-w.sct’)anext{j]’=*next[j])))
{get function value of NextLabel(r8)}
‘m.cnt<l
A NC(rdent, wt, m.cnt, m.set)
A (Y, (i=k A next{j]’=r9) v (j=k A je(‘w.set-w.set”) A‘next[j}=waitAtPww A next[j]'=rlscAtPww)v (jzk A je(*w.set-w.set’)anext[j]"="next[j])))

m.cnt’<]
Vi

Vi
A NC(rdcent, wt, m.cnt, m.set)
A rd’=‘rd-1
A ((pID=k A IsReader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt<0)
A (V], (j=k A next[j]’=NextLabel(r8))
v (2K A Je(*w.set-w.set’) A'next[j]=wait AtPww A next[j]'=riseAtPww)v (jzk A je(“w.set-w.set)anext[j]’="next[j])))
{replace 'V, with its definition}
(3i, i=k A‘next[i]=r8) =‘rd=*rdent+1
A NC(rdent, wt, m.cnt, m.set)
A rd'='rd-1
A ‘next{k]=r8
A (Y], (7=k A next[j]'=NextLabel(r8))v (j=k A je(*w.set-w.set’) A'next[jl=wait AtPww A next[i]’=riscAtPww)v (j2k A je(*w.set-w.set")anext[j]="next(jD))
{get function value of NextLabel(r8)}

‘rd=*‘rdcnt+l
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A NC(rdcnt, wt, m.cnt, m.set) A rd’=*rd-1
A (Y, =k A next[jI’=r9) v (jzk A je(‘w.set-w.set’) A'next[jj=waitAtPww A next[j]'=rlscAtPww)v (jzk A j&(‘w.set-w.set’)anext[j]'=*next[j])))

{substitute for ‘rd, ‘rdcntt with corresponding after-values }
rd’=rdcent’

Vi

NC(rdent, wt, m.cnt, m.set)
A (( pID=k A IsRecader) A ‘next{k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A (V], 5=k A next[j]>’=NextLabel(r8))
V (j2k A je(‘w.set-w.set’) Atnext[jl=waitAtPww A next{j]’=rIseAtPww)v (jzk A je(‘w.set-w.set’)anext[j]’=*next[j])))

{get function value of NextLabel(r8)}
NC(rdcnt, wt, m.cnt, m.sct)

A (V), =k A next[j]’=r9) v (jzk A je(‘w.sct-w.sct") A'next[jl=waitAtPww A next[j]'=rlscAtPww)v (jzk A je(‘w.sct-w.set’)anext[j]’="next[j]))
~(3i, i=k A(next[i]’=r3 vnext[i]’=riscAtPwr))
Vs’

NC(rdcnt, wt, m.cnt, m.set)
A (( pID=k A IsRcader) A ‘next[k]=r8 A ‘rdent=0 A ‘w.cnt<0)
A (Vi, (j=k A next|j]’=NextLabel(r8))
v (Jzk A je(‘w.set-w.set’) A‘next[jl=waitAtPww A next[j]’=rlscAtPww)v (jzk A j&(‘w.set-w.set’)anextj]’=next(j])))

F {get function value of NextLabel(r8)}
NC(rdcnt, wt, m.cnt, m.sct)

AV, =k A next{j]’=r9) v (jzk A je(*w.sct-w.set’) A*next(jl=wait AtPww A next[j]'=riscAtPww)v (j2k A je(*w.set-w.set’ )anext[j]'=*next(j])))
—(3i, i=k Anextli|’=r8)
Vi’

NC(rdcent, wt, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next|k]=r8 A ‘rdent=0 A ‘w.cnt<0)
A (Vj, (j=k A next[j]’=NextLabel(r8))
v (j#k A je(“w.set-w.set’) A‘next{j]=walt AtPww A next(j]'=rIscAtPww)v (j2k A je(*w.set-w.set’)anext[j]’=*next[j])))

F {get function value of NextLabel(r8)}
NC(rdent, wt, m.cnt, m.set)

A V), (i=k A next[j]'=r9) v (jzk A je(‘w.set-w.set’) A'next[j]=waitAtPww A next[j]’=rIscAtPww)v (jzk A je(*w.set-w.set’)anext[j]’="nextfj])))
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—(3i, i=k Anext[i]’=rlseAtPww)
Vis’

NC(rdcnt, wt, m.cnt, m.set)
A ((pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A (Y], (i=k A next[j]’=NextLabel(r8))
Vv (j#K A je(‘w.set-w.set’) A‘next[jj=waitAtPww A next[j]’=riseAtPww)v (j=k A je(‘w.sct-w.set’)Anext{j]’=*next([j])))
F {get function value of NextLabel{r8)}

NC(rdcnt, wt, m.cnt, m.set) ) .
A (Y, 5=k A next[j]’=r9) v (j=k A je(‘w.set-w.set’) A'next[j]=waitAtPww A next[j]’=riseAtPww)v (jek A je(‘w.set-w.set yanext[j]'="next[j])))

=(3i, i=k A(next[i]’=w2 v next[i|’=w3))

Vi’

NC(rdcnt, wt, m.cnt, m.set)
A ((pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt=0 A ‘w.cnt<0)
A (Y], (j=k A next[j]’=NextLabecl(r8))
v (i#k A je(‘w.set-w.set’) A‘next(jl=waitAtPww A rext[j|’=riscAtPww)v (jzk A j&(‘w.scet-w.set*)anext[j]>=*next(j])))
F {get function value of NextLabel(r8)}
NC(rdcnt, wt, m.cnt, m.set)
A (Y], (i=k A next[j]’=r9) v (jzk A je(‘w.set-w.set’) A'next[jJ=wait AtPww A next{j]'=rlscAtPww)v (jzk A je(‘w.set-w.sct )anext[j]'=*next[j])))

—(3i, i=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))
V7'

Column 28+32*(k-1) for k=1...n, where n is the number of Readers:

Given ‘INVARIANTS

A (( pID=k A IsReadcr) A ‘nextlk]=r8 A ‘rdcnt<0) {column condition}

v,

‘rdent20
l.

— (‘rdcnt<0)
'.

—(( pID=k A IsReader) A ‘nextik]=r8 A ‘rdcnt<0)
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Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 29+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given ‘INVARIANTS

A (( pID=Kk A IsReader) A ‘next[k|=r8 A ‘rdent>0)

A NC(rdent, wt, w.cnt, w.set, m.cnt, m.set)

{column condition}

Ard’=‘rd-1
A (Y], (=k A next[j]’=NextLabel(r8)) v (j2k A next[j]’=‘next[j])))
proof:

Since all of the variables in the invariant clauses rp;, V,, V3, Vg, Vs are not changed, the truth valuc of them will not change, hence, they will be truc with the
after-values of the variables.

For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:
‘V.. A‘V,, /\‘VM‘VH :
A (( pID=k A IsReader) A ‘next{k]=r8 A ‘rdcnt>0)
A NC(rdent, wt, m.cnt, m.sct, w.cnt, w.set)

‘w.ent <1

Afwent=1= ‘wit=0Ard=0

A ‘weent<l= ((Cwit=1Ard=0)v(‘rd21Awt=0)v(‘rd=0 A‘wt=0 A(It, (‘next[t]=rIscAtPwr v'next[t|=riscAtPww))))
A (3i, i=ka‘next(i]=r8) = ‘rd=‘rdcnt+1

A (( pID=k A IsReader) A *next[k]=r8 A ‘rdent>0)

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)

‘w.ent £1

A‘went=1= ‘wt=0A'rd=0

A ‘went<l= ((‘wt=1A'rd=0)v(‘rd2 ] A' wi=0)v(*rd=0 A‘'wt=0 A(3t, (‘next[t)=rIscAtPwr v'next{t]=rlscAtPww))))
A ‘rd=‘rdcnt+1

A (‘rdent>0)

A NC(rdent, wt, m.cnt, m.sct, w.cnt, w.sct)

‘w.cnt <1

A ‘went=1= ‘wt=0A‘rd=0

A ‘went<I= ((‘wi=1A'rd=0)v(‘rd2 1A' wi=0)v(*rd=0 A*wi=0 A(3t, (‘next{t]=riscAtPwr v*next[t]=rlscAtPww))))
A‘rd>1

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.sct)

F

‘w.cnt<1
A ‘went<l= (('wi=1Ard=0)v('rd2 1 A*'wt=0)v(*rd=0 A*w1=0 A(31, (*next[t]=rlscAtPwr v*next[t]=rlscAtPww))))
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l..
|.
l.
F

F

|.
l_

A ‘rd>1
A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

‘rd>1 A ‘wt= 0 A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)
‘wt= 0 A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

wt'=0

p’
(( pID=k A IsReader) A ‘next[k|=r8 A ‘rdcnt>0)
A‘VH

A rd’=‘rd-1

(‘next[k}=r8 A ‘rdcnt>0)
A @i, i=ka‘next[i]=r8) = ‘rd=‘rdcent+1
A rd'=*rd-1

(‘rdent>0)
A ‘rd=‘rdcnt+l
A rd'=‘rd-1

‘rd>1 A rd’="rd-1
rd’>0

v,

VoA Vea'Vea'Vy,

A (( pID=k A IsReader) A ‘next{k]=r8 A ‘rdcnt>0)
A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

‘w.cnt S1

A ‘went=1=> ‘wt=0A‘rd=0

A ‘w.ent<I= ((‘wt=1A'rd=0)v(‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A3, (‘next[t]=riscAtPwr v*nextit]=riscAtPww))))
A (31, i=ka‘next[i}=r8) => ‘rd=‘rdcnt+1

A (( pID=k A IsReader) A *next{k]=r8 A ‘rdcnt>0)
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{substitute for ‘wt with wt’}
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'_

F

T T T 7T

A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)

‘w.ent <1

A ‘went=1=> ‘wi=0A‘rd=0

A ‘went<]= ((‘wi=1A1d=0)v(*'rd2 I A*'wt=0)v(‘rd=0 A*wt=0 A(3t, (‘next[t]=rlseAtPwr v‘next[t]=rlscAtPww))))
A ‘rd=‘rdcnt+1

A (‘rdent>0)

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)

‘w.cnt £1

A ‘w.ent=1=> ‘wt=0A'rd=0

A ‘weni<l= (‘w1 A rd=0)v(*rd21 A‘'wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next[t]=rlscAtPwr v‘next[t]=rlscAtPww))))
A ‘rd>1

A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sct)

‘w.cnt<]
A ‘rd>1
A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set)

‘w.cnt<l A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
{substitute for ‘wt with wt'}
w.ent’< 1

=(w.cnt’=1)
\ 7%

‘V4 A‘Vb /\‘Vg/\‘v“

A (( pID=K A IsReader) A ‘next[k]=r8 A ‘rdent>0)
A rd’=‘rd-1

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.sct)

‘w.cnt S1

A ‘weent=1=> ‘wt=0A‘rd=0

A ‘went<]= ((‘wt=1Ard=0)v(‘rd2 1A' wt=0)v(‘rd=0 A‘wt=0 A3t, (‘next[t]=rIscAtPwr v*next|tj=riscAtPww))))
A 31, i=ka'nextji]=r8) = ‘rd=‘rdent+]

A ((pID=k A IsReader) A *next(k]=r8 A ‘rdent>0)

A rd'=*rd-1A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sct)

189



F
‘rd>1 A (‘rdent>0)
A rd’=‘rd-1A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
{substitute for ‘rd, ‘rdent with rd'+1, rdcnt'}

rd’>0 A rdent’>0
rd’21 A rdent’>0

rdent’>0=> rd’21 A rdent’>1 = rdent™>0

"
"
'
"

rdent’>1 = rd’21

\ZX

‘V4 A‘VG A‘V,A‘V“

A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt>0)
A rd’=‘rd-1

A NC(rdcent, wt, m.cnt, m.set, w.cnt, w.set)

‘w.cnt <1
A ‘went=1=> ‘wt=0A‘rd=0
A ‘weent<l= ((‘w=1Ard=0)v(‘rd2 1A wt=0)v(‘rd=0 A*wt=0 A3Qt, (‘next[t]=rlscAtPwr vnext[t]=riscAtPww))))
A (i, i=ka‘next[i]=r8) = ‘rd=‘rdent+1
A (( pID=k A IsRcader) A ‘next[k]=r8 A ‘rdcnt>0)
A rd’=*rd-1A NC(rdcnt, wt, m.cnt, m.sct, w.cnt, w.set)
I..
‘w.ent <1
A‘rd>1 A'wt=0
A 1d’=‘rd-1A NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sect)
F {substitute for ‘rd, ‘wt, ‘w.cnt with corresponding after-values}
w.cent’ <1
Ard’>0 awt'=0

w.ent' <]
A (rd’ 20 Awt’=0)

vy
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(( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt>0)
A NC(rdent, wt, w.cnt, w.sct, m.cnt, m.set)
A (Vj, (=K A next[j]’=NextLabel(r8)) v (j=k A next{j}’=*next[j})})

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (‘next|k]=r8)
A (¥, =k A next[j]’=NextLabel(r8)) v (jzk A next[j]’=*next(j])))
{get function value of NextLabel(r8)}
NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (*next|k]=r8)
A (Vj, (=K A next]j)’=r9) v (j2k A next[j]’=*next[j])))

=@, i=k A(next[i]’=r3 v next[i]’=rlscAtPwr v next[i]’=rdv next[i]’=r5 v next{i|’=r6 v next[i]’=rIscAtPm2vnext|i]’=r7))
vy

NC(rdent, wt, w.cnt, w.set, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k}=r8 A ‘rdcnt>0)
A (Y], (7=k A next|j]’=NextLabel(r8)) v (j2k A next|j’=*next{j])))
{get function value of NextLabel(r8)}
NC(rdent, wt, w.cnt, w.set, m.cnt, m.set)
A ‘nextik]=r8
A (V] ((j=k Anext[j|’=r9) v (j2k Anext[j]’=‘next[j])))

~(3i, I=k Anext[i]’=riscAtPwr)
Vi’

3
Vi

A NC(rdcnt, wt, w.cnt, w.set, m.cnt, m.set)
A (( pID=K A IsReader) A ‘next|K|=r8 A ‘rdent>0)
A (V], (=K A next[j]’=NextLabel(r8)) v (jzk A next(j]’=*next{j])))

i d {replace for'V, with its definition}
@i, i=k A¢next(ij=riseAtPmivinext[i}=r2 v*next{i]=r3v*next|ij=riscAtPwr

vénext[if=rd vénextli]=rlscAtPm2 v*next{i]=r7 v*next{ij=r8 v*next[i}=r9))='m.cnt<1
NC(rdcnt, rd, wt, m.cnt, m.sct, w.cnt, w.sct)
A (‘next[k|=r8)
A (Y, =k A next[j)'=NextLabel(r8)) v (jzk A next[j]'="next[j}))
{get function value of NextLabel(r8)}
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F

F

‘m.cnt<1
NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (Y], (=k A next{j]’=r9) v (jzk A next[j]’=*next[j])))

m.cnt’<IA (Vj, =k A next[j1’=r9) v (jzk A next[j]’='next[i])))
iy’

Vi

A NC(rdcnt, wt, w.cnt, w.set, m.cnt, m.set)

A rd’=‘rd-1

A (( pID=k A IsReader) A ‘next{k|=r8 A ‘rdent>0)

A (¥, (7=k A next[j]’=NextLabel(r8)) v (j=k A next[j]’=*next[j])))

(3i, i=k A‘next[i]=r8) =>‘rd=‘rdcnt+1

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.sct)

Ard'=‘rd-]

A ‘next[k]=r8

A (], (7=k A next[j]’=NextLabel(r8)) v (jzk A next[j]'=*next[j])))

‘rd=*rdent+1

A NC(rdent, wt, m.cnt, m.set, w.cnt, w.set) A rd’=*rd-1

A (Y], (i=k A next[j]’=r9) v (j=k A next[j]’=*next[j])))

rd’=rdcnt’

Vi’

NC(rdcnt, wt, w.cat, w.set, m.cnt, m.set)

A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdcnt>0)

A (Y], (j=k A next{j]’=NextLabel(r8)) v (jzk A next[j)’=*next|[j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (Y], (J=k A next[j]’=r9) v (jzk A next[j]’=*next[j])))

—(3i, I=k A(next[i]’=r3 vnext[i]'=rlseAtPwr))

Viy



{replace 'V,, with its definition}

{get function value of NextLabel(r8)}

{substitute for 'rd, ‘rdcntt with corresponding after-values}

{get function value of NextLabel(r8)}
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NC(rdcnt, wt, w.cnt, w.set, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k]=r8 A ‘rdent>0)
A (Y, (j=k A next[j}’=NextLabel(r8)) v (jzk A next[j]’=*next(j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.set)
A (Vj, (i=k A next[j]’=r9) v (jzk A next|j]’="next[j])))

—(3i, i=k Anext[i]’=r8)
Vi’

NC(rdcnt, wt, w.cnt, w.set, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next{k)=r8 A ‘rdcnt>0)
A (Vj, =k A next[j’=NextLabel(r8)) v (j=k A next[j]'=*next[j])))

NC(rdcnt, wt, m.cnt, m.set, w.cnt, w.sct)
A (Vj, (j7=k A next[j]’=r9) v (jzk A next{j]’=next(j])))

=(3i, i=k Anext|i]’=rlscAtPww)

Vs’

NC(rdcnt, wt, w.cnt, w.sct, m.cnt, m.sct)

A (( pID=Kk A IsRcader) A ‘next[k]=r8 A ‘rdcnt>0)

A (Y], (=k A next|j]’=NextLabel(r8)) v (jzk A next[j]’=*next(j])))

NC(rdcent, wt, m.cnt, m.sct, w.cnt, w.sct)
A (Y], 7=k A next[j]'=r9) v (izk A next{j]’=*next(j})))

—(3i, i=k A(ncxt'|i|’=w2 v next]i]’=w3))
Vie'

NC(rdcnt, wt, w.cnt, w.set, m.cnt, m.set)
A (( pID=k A IsReader) A ‘next[k|=r8 A ‘rdent>0)
A (Y, =k A next[j]’=NextLabel(r8)) v (j=k A next(j]’=*next(j])))

NC(rdcnt, wi, m.cnt, m.set, w.cnt, w.sct)
A (V], (=K A next([j]’=r9) v (j=k A next[j]’=*next[j])))



{get function value of NextLabel(r8)}

{get function value of NextLabel(r8)}

{get function value of NextLabel(r8)}

{get function value of NextLabel(r8)}
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F

—@3i, i=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))
Vi’
Column 30+32*(k-1) for k=1...n, where n is the number of Readers:

Given ‘INVARIANTS N
A ((pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt>0) {column condition}

v
i {replace V34 with its definition}

@i, i=k A(*next[i]=rlseAtPm1v‘next[i]=r2 v'next{i]=r3v‘next[ij=riscAtPwr
vénext(i|=r4 v'next[i]=rlscAtPm2 v*next[i]=r7 v¢next[i]=r8 v‘next[i]=r9))=‘m.cnt<1

-

‘m.cat<]

-

‘m.ent<S0

F

—(‘m.cnt>0)

—(( pID=Kk A IsReader) A ‘next[k|=r9 A ‘m.cnt>0)
Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 31+32*(k-1) for k=1...n, where n is the number of Readers:
Prove: INVARIANTS’
Given °‘INVARIANTS -
A (( pID=k A IsReader) A ‘next[k}=r9 A ‘m.cnt=0) {column condition}
A NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A m.cnt’=‘m.cnt+l
A (Y], (i=kanext{j]’=END) v (j#k Anext[j]’=*next[j])))
roof:
gince all of the variables in the invariant clauses rpy, rpy, Vi, V3, Vs, V,, Vi, V; are not changed, the truth valuc of them will not change, hence, they will be true
with the afler-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:
m.ent’=‘m.cnt+1
A ((pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)

m.ent’=‘m.cnt+1
A ‘m.ent=0
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I_
m.cnt’=]
I_

m.cnt’<]

Vs,

[3
Vs
A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)
A NC(rdcent, rd, wt, m.set, w.cnt, w.set)
A(Vj, (j=k Anext[j]’=NextLabel(r9)) v (j=k Anext[j|’=*next[j])))

(‘w.ent<]=> ((‘Wt=1Ard=0) v (*rd21A*w=0)v(‘rd=0 A*wt=0 A(3t, (*next{t]=riseAtPwr v¢nextit]=riscAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.sct)

A (( pID=k A IsReader) A ‘next[k]=r1 A ‘m.cnt=1)

A V), ((=k Anext[j]"=NextLabel(r9)) v (jzk Anext[j]’=*next[j])) )

'.
(‘w.ent<I= ((‘wi=lA'rd=0) v (‘rd2 1 A*wt=0)v(‘rd=0 A*wt=0 A (3t, (‘next[t]=rIscAtPwr v'next[t]=rlscAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.sct)
A (‘nextlk]=r9)
A (V], ((j=k anext[j]’=NextLabel(r9)) v (j2k anext[j]'=*next[j]}) )
(‘w.ent<l=> ((*wi=1A‘rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A*wt=0 A (3t, (=kv tzk)A (‘next[t]=rIscAtPwr v¢next[t|=riscAtPww)))))
A NC(rdent, rd, wi, m.set, w.cnt, w.set) A (‘next[k]=r9) A (Vj, ((j=k anext[j]'=NextLabel(r9)) v (j=k anext[j]"=*ncxt(j])) )
'_
(‘w.ent<]= ((wi=1A‘rd=0)v(‘rd21A‘wt=0) v
(*rd=0 A*wt=0 A (31, (t=k A (‘next[t]=riscAtPwr v'next[t]=riscAtPww))
v (t2k A (‘next{t]=rlscAtPwr v'next[t]=riscAtPww))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.sct) A (‘next[k]=r9) A (Vj, ((j=k anext[j]}’=NextLabel(r9)) v (j#k anext[j]’=‘next]j))) )
l.

(‘w.cnt<l=> ((‘wi=lA‘rd=0)v(‘rd21A'wt=0) v
(‘rd=0 A'wt=0 A (31, Falsev (tzka (*next]t]=rIsecAtPwr v'next[t]=riscAtPww))) )))
A NC(rdent, rd, wt, m.set, w.ent, w.set) A (‘next{k]=r9) A (V], ((j=k anext[j]’=NextLabel(r9)) v (jzk anext[j]’=*next[j])) )

(*w.ent<]=> ((*w=1A'rd=0)v(‘rd21A‘wt=0) v

(‘rd=0 A*wit=0 A @3¢, (t2ka (‘next[t|=rIseAtPwr vnextit|=riscAtPww))) )))
A NC(rdent, rd, wi, m.set, w.cnt, w.set) A (‘next[k]=r9) A (¥], ((j=k Anext[j]'=NextLabel(r9)) v (jzk anext[j)’=*next[j})) )
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F {substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in ‘V,}
w.ent’<1=> ((wt'=1Ard’=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 A(3t, (tkA (next(t]’=riseAtPwr vnext[t]’=rlseAtPww)))))

V¢’

(( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)

A NC(rdent, rd, wt, m.set, w.cnt, w.set)

A(Vj, (=k Anext[j]’=NextLabel(r9)) v (jzk Anext[j]’=*next[j])))
{get function value of NextLabel{r9)}
NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A (‘next[k]=r9)

A (], (j=k A next[j]’=END) v (j#k A next[j]’="next(j])))

—@i, i=k A(next[i]’=r3 v next[i]’=rlseAtPwr v next[i]’=rdv next[i]’=r5 v next[i]’=r6 v next[i]’=riscAtPm2vnext[i]’=r7))
vy’

NC(rdcnt, rd, wt, w.cnt, w.sct, m.set)

A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)

A(Vj, =k Anext]|j]>=NextLabel(r9)) v (j=k Anext[j]’=*next|j])))
{get function value of NextLabel(r9)}
NC(rdcnt, rd, wt, w.cnt, w.sct, m.set)

A ‘next[k]=r9

A (V) ((7=k Anext[j]’=END) v (j#k Anext[j]’=next[j])) )

—(3i, i=k Anextli]’=rlseAtPwr)
Vi’

NC(rdent, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k|=r9 A ‘m.cnt=0)

A (Y], (7=k Anext[j]’=NextLabel(r9)) v (jzk anext{j]'=‘next[j])))
{get function value of NextLabel(rS)}

NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)

A ‘nextlk)=r9

A (¥}, =k Anext[j]’=END) v (Jzk Anext[j]’=‘next[j])))

= @i, i=ka(next{i]’=riscAtPmIvnext[i]’=r2vnext[i]’=r3vnext(i]’=riscAtPwr vnext[i]'=rdvnext[i]’=riseAtPm2vnext(i]’=r7v next[i]’=r8v nextli}*=r9))
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Vi’

NC(rdcent, rd, wt, m.set, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k|=r9 A ‘m.cnt=0)
A (Vj, 5=k Anext[j]’=NextLabel(r9)) v (jzk anext[j]’=‘next[j])))
F {get function value of NextLabel(r9)}
NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
A ‘next[k]=r9
A (¥, =k anext|j]’=END) v (j#k Anext[j]’=‘next|j])))

A—(3i, i=k A(next[i]>=r1 vnextlil’=rlseAtPm1v next[i]’=r2 v next[i]’=rd v next|i]’=r5 v next[i]’=r6 v next[i]’=rlscAtPm2 v next[i]’=r7 v next[i]’=r9))
Vi’

NC(rdcnt, rd, wt, m.sct, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)
A (Y], (i=k Anext[j]’=NextLabel(r9)) v (jzk ancxt(j]’=‘next{j1)))
{get function value of NextlLabel(r9)}
NC(rdent, rd, wt, m.set, w.cnt, w.sct)
A ‘next|kj=r9
A (Vj, (j=k Ancxt|j]’=END) v (jzk Anext[j]’=*next[j})))

—@3i, i=k A(next[i]'=r3 v next[i]’=riseAtPwr))
V'
NC(rdent, rd, wt, m.set, w.cnt, w.set)
A (( pID=K A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)
A (], (j=k Anext[j]’=NextLabel(r9)) v (jzk Anext|j}’=*next[j])))
{get function value of NextLabel(r9)}
NC(rdcnt, rd, wi, m.set, w.cnt, w.sct)

A ‘next[k]=r9
A (Y], (i=k Anext[j]I’=END) v (j=k anext(j]'=*next[j])))

—(3i, i=k Anext{i]’=r8)
Vi

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)
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A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)
A (Vj, 1=k Anext|j]’=NextLabel(r9)) v (j=k Anext[j]’=*next|j])))

NC(rdcnt, rd, wt, m.sct, w.cnt, w.set)
A ‘next{k]=r9
A (Vj, (i=k Anext[j]’=END) v (j=k Anext[j]’="next[j])))

=(3i, i=k Anext[i]’=riseAtPww)

Vis’

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k}=r9 A ‘m.cnt=0)

A (Vj, (i=k anext[j}’=NextLabel(r9)) v (jzk Anext[j]’=*next[j])))
NC(rdcnt, rd, wt, m.set, w.cnt, w.sct)

A ‘nextlk]=r9

A (Vi, (i=k Anext[j]’=END) v (j=k Anext[j]’="next[j])))
=3, i=k A(next[i]’=w2 v next][i]’=w3))

Vié’

NC(rdcnt, rd, wt, m.set, w.cnt, w.set)

A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt=0)
A (Y], (j=k Anext[j]’=NextLabel(r9)) v (j=k anext[j]’=*next{j])))

NC(rdent, rd, wt, m.set, w.cnt, w.set)
A ‘next|k]=r9
A (Vi, (j=k Anext[j]’=END) v (j#k Anext[j|’=‘next(j])))

~@3i, i=k A(next[i]’=waitAtPm1 v next|i|’=waitAtPm2))
A\

Column 32+32%(k-1) for k=1...n, where n is the number of Readers:

Prove: INVARIANTS’
Given ‘INVARIANTS
A ((pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt<0)



{get function value of NextLabel(r9)}

{get function value of NextLabel(r9)}

{get function value of NextLabel(r9)}

{column condition}
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A NC(rdcent, rd, wt, w.cnt, w.set)

A m.cnt’=‘m.cnt+]

A m.set’=(3t, (‘m.set-{t}) A‘next[t]=waitAtPm2)

A (Vj, ((j=ka next[j]’=NextLabel(r9)) v(j=k A je(‘m.set-
m.set’)A((‘next]jl=waitAtPml A next|j]’=rlseAtPm1)v(‘next[jj=waitAtPm2A next[j]’=rlscAtPm2)))

v(j=k A je(‘m.set-m.set’) A next[j]’=next[j])))

proof:
Since all of the variables in the invariant clauses rpy, rp,, Vi, Vi, Vi, Vi, Vi, V are not changed, the truth value of them will not change, hence, they will be true
with the after-values of the variables.
For the invariant clauses which have variables changed in the state change, we will prove them one at a time as below:

m.cnt’=‘m.cnt+1

A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt<0)

m.cnt’=‘m.cnt+1
A‘m.cnt<0

{substitute for ‘m.cnt with (m.cnt’-1)}
m.cnt’-1<0

m.cnt’<]

|.
}.
}.
m.cent’<|

Vs’

Vg
A (( pID=K A IsReader) A ‘next{k]=r9 A ‘m.cnt<0)
A NC(rdent, rd, wt, w.cnt, w.set)
A (¥, ((J=kn next|j]’=NextLabel(r9)) v(j#k A je(‘m.set-
m.set’)A((*next[j|=waitAtPm1 A next[j]’=riseAtPm1)v(‘next|jl=waitAtPm2A next[j|’=riseAtPm2)))
v(j#k A je(*m.set-m.set’) A next[j]’=*next[j])))

{replace ‘Vy with its definition})
(‘weent<l=> ((‘wt=1A*rd=0) v (‘rd2IA'wi=0)v(‘rd=0 A‘wt=0 A@t, (‘next[tj=rIscAtPwr v‘next[t|=riscAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A {( pID=k A IsReader) A *next{k]=rl A ‘m.cni=1)
A (Y], (G=k A next[j]’=END)v(jzk A je(*m.sct-m.set’)A((‘next[j]=waitAtPml A next{j}'=rlseAtPm 1 )v(*next[jj=waitAtPm2a ncxt[j)'=rlscAtPm2}))
v(jzk A je(*m.set-m.set’) A next[j)'="next[j])))

(‘w.ent<1= ((‘wt=1A'rd=0) v (‘rd2 1A' wt=0)v(*rd=0 A*'wt=0 A (31, (‘next[t]=rlscAtPwr v*next[t]=rlscAtPww)))))
A NC(rdent, rd, wi, m.set, w.cnt, w.sct)
A (‘next(k]=r9)
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A (Y], ((G=k A next[jI'=END)v(jzk A je(‘m.set-m.set’)A((‘next[j]=waitAtPml A next[j]'=rlseAtPmI)v(‘next[j]=waitAtPm2A next[j]’=tlseAtPm2)))
v(jzk A je(‘m.set-m.set’) A next[j]’=*next[j])))
|_
(‘w.ent<]= ((‘WtEIArd=0)v(‘rd21A'wt=0) v (‘rd=0 A‘wt=0 A 3t, (t=kv t2k)A (‘next[t]=riseAtPwr v'next[t]=rlseAtPww)))))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r9)
A (V), ((=k A next[j’=END)v(j#k A je(‘m.set-m.set’)a((*next{j]=waitAtPm! A next[j]'=rlseAtPmI)v(‘next[j}=waitAtPm2A next[j]'=rlscAtPm?2)))
! v(jzk A j&(‘m.set-m.set’) A next[j]’=*next[j])))
(‘w.ent<l= ((‘wt=1Ard=0)v(‘rd21A‘'wt=0) v
(‘rd=0 A‘wt=0 A (Bt, (t=k A (‘nextt]=rlscAtPwr v‘next[t]=rlseAtPww))v (tzk A (‘next[t]=riseAtPwr vnext[t]=riscAtPww))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r9)
A (Y], ((5=k A next{j]’=END)v(j#k A je(‘m.set-m.set’)A((‘next[j]=waitAtPm] A next[j]’=rIscAtPmI)v(‘next[jJ=waitAtPm2Aa next(j] =rlscAtPm2)))
v(jzk A je(‘m.set-m.set’) A next[j]I’=*next[j])))
|.
(‘w.ent<I= ((Cwt=1A‘rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A*wt=0 A (3t, Falsev (t2ka (‘next{t]=riseAtPwr v¢next{t]=riseAtPww))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.sct) A (‘next[k]=r9)
A (], ((=k A next[j]’=END)v(j#k A je(‘m.set-m.set’)A((‘next[jl=waitAtPml A ncxt[j])’=rlscAtPmI1)v(‘next[j]=waitAtPm2A next{j)’=riscAtPm2)))
v(i=k A je(‘m.set-m.set’) A next(j]’=*next[j])))
I.
(‘w.ent<l= ((‘wt=1A rd=0)v(‘rd21A‘wt=0) v
(‘rd=0 A‘wt=0 A (3t, (t2kn (‘next|t]=rIscAtPwr v‘next[t]=riseAtPww))) )))
A NC(rdent, rd, wt, m.set, w.cnt, w.set) A (‘next[k]=r9)
A (Y], (G=k A next[jI'=END)v(j=k A je(‘m.set-m.set’)A((‘next[j]=waitAtPm] A next[j]’=riscAtPmI1)v(‘next[jl=waitAtPm2a next[j]’=rlseAtPm?2)))
v(jzk A je(‘m.set-m.set’) A next[j)’="next[j])))
{substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in ‘Vg}
w.ent’<]= ((wt'=1Ard’=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 A(3t, (t2ka (nextft]’=riscAtPwr vaext|t]’=riseAtPww)))))

Vs’

NC(rdent, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next{k]=r9 A ‘m.cnt<0)
A (Y, ((j=kn next[j]’=NextLabel(r9)) v(jzk A je(‘m.set-
m.set’)A((‘next[jl=waitAtPm1 A next[j]’=rIscAtPm1)v(‘next{j]=waitAtPm2A next[j]’=riseAtPm2)))
v(j=k A je(‘m.set-m.set’) A next[j]’=*next[j])))
{get function value of NextLabel(r9)}
NC(rdent, rd, wt, w.cnt, w.set) A (‘next[k]=r9)
A (), ((=k A next[j’=END)v(j=k A je(‘m.set-m.set’ )A((*next[jl=waitAtPm] A next[j]'=rlscAtPm1)v(‘next[jl=waitAtPm2A next[j] =rlscAtPm2)))
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v(j=k A je(‘m.set-m.set’) A next[j]'='next[j])))
—(3i, i=k A(next[i]’=r3 v next(i]’=rlseAtPwr v next[i]’=rdv next[i]’=r5 v next[i]’=r6 v next{i]’=riseAtPm2vnext[i]’=r7))
v’,

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt<0)
A (Vj, ((j=kn next[j]’=NextLabel(r9)) v(jzk A je(‘m.set-
m.set’)A((‘next[j]=waitAtPm1 A next[j]’=riseAtPmI)v(‘next[jj=waitAtPm2A next|j]’=rlseAtPm2)))
v(j#k A je(‘m.set-m.set’) A next(j]’=*next(j])))
{get function value of NextLabel(r9)}

NC(rdent, rd, wt, w.cnt, w.set)A ‘next|k|=r9
A (Y, ((G=k A next[j’=END)v(jzk A je(*m.sct-m.sct’)A((*next[j]=waitAtPm] A next(j)’ =rlscAtPm1)v(‘next[j]=waitAtPm2A next[j]’=riseAtPm2)))

v(jzk A je(‘m.set-m.set’) A next[j]’="next[j])))

l.

—(3i, i=k Anext[i]'=riseAtPwr)
Vi

{( pID=k A IsReader) A ‘next{k]=r9 A ‘m.cnt<0)
A ment’="m.cnt+l

‘m.cnt<0 A m.cnt'="m.cnt+1
m.cnt'< ]
V'

NC(rdcnt, rd, wt, w.cnt, w.sct)
A (( pID=k A IsReader) A ‘next[k|=r9 A ‘m.cnt<0)
A (V], ((j=kn next[j]’=NextLabel(r9)) v(jzk A je(*m.set-
m.set’)A((‘next{jl=waitAtPm1 A next[j]'=rIscAtPmI)v(*next|j]=waitAtPm2A next(j]’=rlseAtPm2)))
vi(izk A je(‘m.set-m.set’) A next|j]’=*next[j])))
{get function value of NextLabel(r9)}

NC(rdent, rd, wt, w.cnt, w.sct)
A ‘next[k|=r9
A (), ((=k A next{]’=END)v(j#k A je(‘m.set-m.set’)A((*next[j]=waitAtPm] A nextfj]’=rlseAtPm1)v(*next{j]=waitAtPm2a next[j]'=rlscAtPm2)))

v(jzk A je(‘m.set-m.set’) A nextfj)’=*next[j])))
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F

(3, i=k A(next[i]’=r] vnexti]’=rlseAtPm1v next[i]’=r2 v next{i]’=rdv next[i]’=r5 v next[i]’=r6 v next[i]’=rlseAtPm2 v next{i]’=r7 v next|i|’=r9))

Vi

NC(rdcent, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt<0)

A (], ((i=kn next|j]’=NextLabel(r9)) v(j*k A je(‘m.set-
m.set’)A((‘next[j]=waitAtPm1 A next[j]’=riscAtPm1)v(‘next[j]=waitAtPm2A next[j]’=rlscAtPm2)))
v(j=k A je(‘m.set-m.set’) A next[j]’=*next[j])))
{get function value of NextLabel(r9)}

NC(rdent, rd, wt, w.cnt, w.set)

A ‘next[k]=r9

A (Y], ((G=k A next[j’=END)v(j#k A je(‘m.set-m.set’)A((‘next[j}=waitAtPm1 A next[j]'=rIscAtPm1)v(‘next[j]=waitAtPm2A next[j]'=rlseAtPm2)))
v(jzk A je(‘m.set-m.set’) A next[j]’=*next[j])))

F

=(3i, i=k A(next[i]’=r3 v next[i]’=rlscAtPwr))

Vi3’
NC(rdent, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt<0)
A (V) ((j=kn next[j]’=NextLabel(r9))
m.set’)A((“next[jl=waitAtPm1l A next[j]’=riscAtPm1)v(‘next[jj=waitAtPm2Aa next[j]’=rlseAtPm2)))

v(jzk A j&(‘m.set-m.set’) A next[j]’=‘next[j]})))
{get function value of NextLabel(r9)}

v(jzk A je(‘m.set-

',.
NC(rdcent, rd, wt, w.cnt, w.set) A ‘next(k]=r9
A (Y], ((=k A next[j]’=END)v(j#k A je(‘m.set-m.set’)A((‘next[j]=waitAtPm! A next[j]'=rlscAtPm1)v(‘next[jJ=waitAtPm2A next[j]’=rlseAtPm2)))

v(j#k A je(‘m.set-m.set’) A nextfj]'="next[j])))
~(3i, i=k Anext[i]’=r8)
Vi
NC(rdent, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next{k]=r9 A ‘m.cnt<0)
v(jzk A je(‘m.set-

A (Y], (J=kna next[j]*=NextLabel(r9))
m.set")A((‘next[jj=waitAtPm1 A next[j]’=rlscAtPm1)v(‘next[j]=waitAtPm2A next|j]’=rlseAtPm2)))

v(izk A je(‘m.set-m.set’) A next[j]’=*next|f])))
{get function value of NextLabel(r9)}

202



NC(rdent, rd, wt, w.cnt, w.set) A ‘next{k]=r9

A (], ((G=k A next[j]>=END)v(jzk A je(‘m.set-m.set’)A((*next{jl=waitAtPm] A next[j]’=rlseAtPmI1)v('next[jJ=waitAtPm2a next{j]’=rlseAtPm2)))
v(jzk A je(‘m.set-m.set’) A next[j]'=*next[j])))

—(3i, i=k Anext[i]’=rlseAtPww)
Vis’

NC(rdcnt, rd, wt, w.cnt, w.set)
A (( pID=k A IsReader) A ‘next[k]=r9 A ‘m.cnt<0)
A (V], ((j=kn next{j]’=NextLabel(r9)) v(j=k A je(‘m.set-
m.set’)A((‘next(j|=waitAtPm] A next{j]’=rlseAtPmI)v(‘next[jj=waitAtPm2a next[j]’=rlscAtPm2)))
v(jzk A je(*m.set-m.set’) A next|j]’=‘next{j|)))
{get function value of NextLabel(r9)}

NC(rdcnt, rd, wt, w.cnt, w.sct) A ‘next{k|=r9
A (], ((j=k A next[j]’=END)v(j=k A je(‘m.set-m.set’)A((‘next[j}=waitAtPm1 A next[j]'=riseAtPm1)v(‘next[j]=waitAtPm2a next[j]’=rIscAtPm2)))

v(j=k A je(‘m.set-m.set’) A next[j]’="next{j])))

—(3i, i=k A(next|i]’=w2 v next[i]’=w3))
Ve’

NC(rdcnt, rd, wt, w.cnt, w.sct)
A (( pID=K A IsReader) A ‘next]k]=r9 A ‘m.cnt<0)
A (Vj, (G=kA next[j]’=NextLabel(r9)) v(j#k A je(‘m.set-
m.set’ )A((“next[jl=waitAtPm1 A next]j]’=rlseAtPm1)v(‘next[j|=waitAtPm2A next[j]’=riscAtPm2)))
v(j#k A je(*m.set-m.set’) A nextj]’=*next[j])))
F {get function value of NextLabel(r9)}
NC(rdcnt, rd, wt, w.cnt, w.sct) A *next[k|=r9
A (Y], ((G=k A next[j]’=END)v(jzk A je(‘m.set-m.set’)A((‘next[j]=waitAtPm1 A next[j]’=rIscAtPm1)v(‘next[j]=waitAtPm2a next[j]'=rlscAtPm2)))
v(j#k A je(*m.sct-m.set’) A next[j]'="next[j])))
}.

A3, i=k A(next[i]’=waitAtPm] v nextfi]’=waitAtPm2))
vy’
Columns for Writer processes:

Column 149*(k-1) for k=n+1...M, where n is the number of Writers and M is the number of Readers and Writers:
Given ‘INVARIANTS
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F

A (( pID=k A IsWriter) A ‘next[k]=w1 A ‘w.cnt>1) {column condition}
v,
‘w.cnt<]
=(‘m.cnt>1)

= (( pID=k A IsWriter) A ‘next[k]=wl A ‘w.cnt>])

Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 2+9*(k-1) for k=n+1...M, where n is the number of Writers and M is the number of Readers and Writers:

Prove: INVARIANTS’
Given ‘INVARIANTS

A NC(rdent, rd, m.cnt, m.set, w.set)

A ((pID=k A IsWriter) A ‘next[k]=wIl A ‘w.cnt=1) {column condition}
A wt'=‘wt+l

A w.ent’=‘w.cnt-1

A (Y], ((=k Anext[j]’=NextLabel(w1)) v (j2k Anext[j]’=‘next[j])) )

proof:

Since all of the variables in the invariant clauses V,, V3, Vs, V7 are not changed, the truth value of them will not change, hence, they will be true with the after-
values of the variables.

For the invariant clauses in which the variables changed in the state change, we will prove them one at a time as below:

T T T 7T

‘vﬁ
A ((pID=k A IsWriter) A ‘next[k]=wl A ‘w.cnt=1])
A NC(rdent, rd, m.cnt, m.set, w.set)

(‘w.cnt=1=> (‘wt=0 A ‘rd=0))
A ((pID=k A IsWriter) A ‘next[k]=w] A ‘w.cnt=1)
A NC(rdent, rd, m.cnt, m.set, w.sct)

‘wt=0 A ‘rd=0
‘rd=0

{substitute for ‘rd with rd’}
rd'=0

rpy
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‘vﬁ

A ((pID=k A IsWriter) A ‘next(kj=w1 A ‘w.cnt=1)
Awt'=wt+l

A NC(rdcnt, rd, m.cnt, m.set, w.set)

(‘w.ent=1=> (‘wt=0 A ‘rd=0))
A (( pID=k A IsWriter) A ‘next[k]=w] A ‘w.cnt=1)
A wt'="wt+l A NC(rdcnt, rd, m.cnt, m.set, w.set)
l.
‘wi= 0 A ‘rd=0 A wt'="wi+l
i.
‘wi=0 A wt'='wit+]
I,.
wt’=1
*.
p A VY

(( pID=k A IsWriter) A ‘next{k]=w1 A ‘w.cnt=1)
A w.ent'=‘w.cnt-1

‘w.ent=1 A w.cnt’=‘w.cnt-]
w.cnt’=0
V"

(( pID=k A IsWriter) A ‘next[k]=w1 A ‘w.cnt=1)
A w.ent’=‘w,cnt-1

‘w.ent=1 A w.cnt’="w.cnt-1
w.cnt’=0

=(w.cat’=])

T T T 7T

V¢

Av6
A ((pID=k A IsWriter) A ‘next[k|=wl A ‘w.cnt=1)



{substitute for ‘wt with wt'-1}
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A wt'=wt+l
A w.ent’=*w.cnt-1
A NC(rdcnt, rd, m.cnt, m.set, w.set)

(‘w.ent=1= (‘wt=0 A ‘rd=0))

A ((pID=k A IsWriter) A ‘next[k]=wl A ‘w.cnt=1)

A wt'='wt+] A w.ent’=‘w.cnt-1A NC(rdent, rd, m.cnt, m.set, w.set)
[.

‘wt= 0 A ‘rd=0

A wt'=‘wt+]l A w.ent’=w.cnt-1A NC(rdent, rd, m.cnt, m.sct, w.sct)
l.

wt'= 1A rd’=0

A w.ent’=0

|.

\ /Y

NC(rdcnt, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next[k]=wI A ‘w.cnt=1)
A (¥, (G=k Anext{j]>=NextLabel(w1)) v (jzk Anext{j]>=next{j])) )

NC(rdcnt, rd, m.set, m.cnt, w.set)
A (‘next[k]=wl)
A Vi, ((j=k Anext[j]’=w2) v (j#k Anext[j]’=*next(j])) )

{substitute for ‘wt , ‘rd, ‘w.cnt with corresponding after-values}

{get function value of NextLabel(w1)}

=(3i, i=k A(next{i]’=r3 v next[i]’=rlscAtPwr v next[i]’=rdv next[i]’=rS v next[i]’=r6 v next{i]’=riseAtPm2vnext[i]’=r7))

\/

NC(rdcnt, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next{k]=wl A ‘w.cnt=1)
A (Y], ((1=k Anext{j]’=NextLabel(w1)) v (jzk Anext[j]*=*next{j})) )

NC(rdcnt, rd, m.set, m.cnt, w.set)

A (‘next[k]=wl)

A (Vj, ((=k Anext[j]’=w2) v (j=k Anext[j]*=*next[i])) )
—(@3i, i=k Anext{i]’=riseAtPwr)

Vio'
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NC(rdcent, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next{k]=w1 A ‘w.cnt=1)
A (i, ((7=k Anext[j]’=NextLabel(w1)) v (jzk Anext[j]’=*next[j])) )

{get function value of NextLabel{w1)}
NC(rdent, rd, m.set, m.cnt, w.set)

A (‘next(kj=wl)
A (V), ((5=k Anext[jl’=w2) v (i=k Anext{j]’=*next[j])))

—@3i, i=k A(next[i]’=rIseAtPmIvnext[i]’=r2vnext[i]’=r3vnext[i]’=rIseAtPwrvnext(i]’=rdvnext[i]'=rIseAtPm2vnext][i *=r7vnext{i]’=r8vnext|i]’=r9))
vy’

NC(rdent, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next(kj=wl A ‘w.cnt=1)
A (Y], ((j=k Anext[jl’=NextLabel(w1)) v (jzk anext[j]’=*next{j])) )

{get function value of NextLabel{w1)}
NC(rdcnt, rd, m.set, m.cnt, w.sct)

A (“‘next]k]=wl)
A (Y, ((j=k Anext]j]’=w2) v (jzk Anext{j]’=*next{j])) )

—@i, i=k A( next[i]’=riv next[i]’=rlseAtPm1 v next[i]’=r2v next{i]’=rdv next[il’=r5 v next[i]’=révnext|i]’=riseAtPm2 v next[i]’=r7 vaext{i]’=r9))
Vi'

NC(rdcnt, rd, m.cnt, m.set, w.set)

A (( pID=Kk A IsWriter) A ‘nextik]=w1 A ‘w.cnt=1)

A (], ((G=k Anext[j]’=NextLabel(w1)) v (jzk anext[j]’=*next[j])} )

{get function value of NextLabel(w1)}
NC(rdent, rd, m.set, m.cnt, w.set)

A (‘next]kj=wl)

A (V) ((=k Anext[j]’=w2) v (j#k Anext[j]’=*next]j])) )
—(3i, i=k A(next|i]’=r3 v next[i]’=rlscAtPwr))

Vi’

NC(rdent, rd, m.cnt, m.set, w.sct)
A((pID=k A IsWriter) A ‘next{k[=w1 A ‘w.cnt=1)
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A (Y, ((i=k Anext[j]’=NextLabel(w1)) v (jzk Anext[j]’=*next[j])) )

NC(rdcnt, rd, m.set, m.cnt, w.set)
A (‘next[k]=wl)
A (Vj, ((Fk Anext[j]’=w2) v (j2k Anext[j]’=‘next[j])) )

—(3i, i=k Anext[i]’=r8)
Vis

NC(rdcnt, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next[k]=w1 A ‘w.cnt=1)
A (Vj, ((=k Anext[j]’=NextLabel(w1)) v (j2k Anext[j]’=*next[j])) )

NC(rdcnt, rd, m.set, m.cnt, w.sct)
A (‘next[k]=wl)
A (Vj, ((i=k Anext[j]’=w2) v (j2k Anext[j]’=‘next[j])) )

—~(3i, i=k Anext[i]’=rIseAtPww)
Vys'

cv6
A (( pID=k A IsWriter) A ‘next|k]=wl A ‘w.cnt=1)

A wt'=*wit+]

A w.ent’=‘w.cnt-1

A NC(rdcnt, rd, m.cnt, m.set, w.sct)

A (Y], ((j=k Anext[j]'=NextLabel(w1)) v (jzk anext[j]’=*next[j])) )

(‘w.ent=1=> (‘wt=0 A ‘rd=0))

A{(pID=k A IsWriter) A *next[k]=wl A ‘w.cnt=1)

A wt'="wt+] A w.cnt’="w.cnt-1a NC(rdcnt, rd, m.cat, m.sct, w.sct)
- A (], ((G=k Anext[j]’=NextLabel(w1)) v (jzk ancxt[j]’=‘next[j]}} )

‘wt=0 A ‘rd=0

A wt'=‘wit+] A w.ent’=*w.cnt-1A NC(rdent, rd, m.cnt, m.set, w.set)

A (Y], ((=k Anext{j]’=w2) v (j#k Anext[j]’=*next(j])))

wU'= 1A w.ent’=0a (Vj, ((j=k Anext[j]'=w2) v (j=k ancxt[j]’=*next[j])) )
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{get function value of NextLabel(w1)}

{get function value of NextLabel(w1)}

{substitute for ‘wt , ‘w.cnt with corresponding after-values}



Vie’

NC(rdcnt, rd, m.cnt, m.set, w.set)
A((pID=k A IsWriter) A ‘next[k|=wl A ‘w.cnt=1)
A (Y], ((7=k Anext[j]’=NextLabel(w1)) v (j#k anext{j]’=‘next[j])) )
{get function value of NextLabel(w1)}
NC(rdcnt, rd, m.set, m.cnt, w.set)
A (‘next(k]=wl1)
A (Vj, ((G=k Anext[jl’=w2) v (jzk Anext]j]’=‘next{j])) )

—(3i, i=k A(next|i]’=waitAtPm] v next[i]’=waitAtPm2))
Vi’

Column 3+9*(k-1) for k=n+1...M, where n is the number of Writers and M is the number of Readers and Writers:
Prove: INVARIANTS’
Given ‘INVARIANTS
A NC(rdcnt, rd, wt, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A *next{k]=w1 A ‘w.cnt<I) {column condition}
A w.cnt’=‘w.cnt-1
A (], ((j=k Anext[j]’=waitAtPww) v (jzk Anext]j]’=*next[j])) )
roof:
gincc all of the variables in the invariant clauses rpl, rp2, Vy, Vi, Vs, Vs, V; are not changed, the truth value of them will not change, hence, they will be true
with the afier-values of the variables.
For the invariant clauses in which the variables changed in the state change, we will prove them one at a time as below:
(( pID=k A IsWriter) A ‘next[k]=wl A ‘w.cnt<l)
A w.ent’=*w.cnt-1

F

‘w.cnt<lA w.ent'='w.cnt-1
w.cnt’<0
\ 7%
(( pID=k A IsWriter) A ‘nextlk]=wl A ‘w.cnt<])
A w.ent’=‘w.cnt-1
'.

‘w.ent<lA w.ent'='w.cnt-1
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F
F

F

F

w.cnt’<0
=(w.cnt’=1)
V¢’

‘v8

A (( pID=k A IsWriter) A ‘next[k]=w1 A ‘w.cnt<I)
A NC(rdent, rd, wt, m.cnt, m.sct)

A w.cnt’=*w.cnt-1

A (Vi, 5=k Anext[j]’=waitAtPww) v (jzk Anext[j]’=‘next(j])))
{replace 'V, with its definition}

‘w.ent<l = ((‘wt=1Ard=0)v(‘rd2IA*wt=0)v(‘rd=0 A‘wt=0 AQt,(‘next[t]=rlscAtPwrv‘next[t]=riscAtPww))))

A (( pID=k A IsWriter) A ‘next(k]=w! A ‘w.cni<I)
A NC(rdent, rd, wt, m.cnt, m.sct) A w.ent’=*w.cnt-1A (Vj, 7=k Anext[j]’=waitAtPww) v (j2k anext[j]’="next[j])))

‘w.cnt<l
A(CWELA rd=0)v(rd2 1A wi=0)v(‘rd=0 A*wt=0 AQt,(‘next[t}=rlscAtPwrvnext{t|=riscAtPww))))
A (( pID=k A IsWriter) A ‘next[k]=w] A ‘w.cnt<l)
A NC(rdent, rd, wt, m.cnt, m.sct) A w.ent’=‘w.cnt-1a (V], (j=k Anext[j]'=waitAtPww) v (j=k Anext[j]’="next[j])))
{substitute for ‘w.cnt, ‘wt, ‘rd, ‘next with corresponding after-values}

w.cnt’<0
A (w'=1Ard’=0)v(rd’21Awt'=0)v(rd’=0 Awt’=0 A(Jt,(next{t]’=rlseAtPwr vnext[t]’=riscAtPww))))

V'

NC(rdent, rd, wt, m.cnt, m.set)

A ((pID=k A IsWriter) A ‘next[k]=w1 A ‘w.cnt<1)

A (V], ((7=k Anext[j]’=waitAtPww) v (j2k Anext[j]’=‘next[j])) )

NC(rdcnt, rd, wt, m.sct, m.cnt)

A (‘next]k]=wl)

A (Y], ((5=k Anext[j]’=waitAtPww) v (jzk Anext[j]"="next(j])) )

=(3i, i=k A(next[i]’=r3 v next[i]’=riseAtPwr v next[i]’=rdv next{i]’=rS v next[i]*=r6 v next[i]’=rlscAtPm2vnext[i]’=r7))

Vy’
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NC(rdcnt, rd, wt, m.cnt, m.set)
A ((pID=k A IsWriter) A ‘next[k]=w] A ‘w.cnt<1)
A (V] ((1=k Anext[j]’=waitAtPww) v (jzk Anext[j]’=*next[j])) )

NC(rdent, rd, wt, m.set, m.cnt)
A (‘next[k]=wI)
A (Y], ((G=k Anext[j]’=waitAtPww) v (jzk anext[j]’=‘next{j])) )

—(3i, i=k Anext[i]’=rIseAtPwr)
Vi’

NC(rdcnt, rd, wt, m.cnt, m.set)
A (( pID=K A IsWriter) A ‘next]k]=w1 A ‘w.cnt<1)
A V], ((1=k Anext[j]’=waitAtPww) v (j2k Anext[j]’=*next[j])) )

NC(rdent, rd, wi, m.set, m.cnt)
A (‘next[k]=wl)
A (Y, ((=k anext[j]’=waitAtPww) v (jzk anext[j]'="next[j])) )

—(3i, i=k A(nextfi]’=riseAtPmlvnext[i]’=r2vnext]i]’=r3vnext[i]’=rlscAtPwrvnext|i]'=rdvnext[i]’=rlseAtPm2 v next|i]’=r7vnext{i]’=r8vnext|i]’=r9))
vy

NC(rdcnt, rd, wt, m.cnt, m.sct)
A (( pID=K A IsWriter) A ‘next{k|=wI A ‘w.cnt<1)
A (Vj, ((=k Anext{j]’=waltAtPww) v (jzk Anext[j]’=*next|j})) )

NC(rdcnt, rd, wt, m.set, m.cnt)
A (‘nextlk]=wl)
A (Y5, ((1=k Anext[j)’=waitAtPww) v (jzk Anext[j]'=‘next[j])) )

=3, i=k A( next[i]’=r1v next|i]’=riscAtPm1 v next[i]’=r2v next{i]’=rdv next[i]’=r5 v next]i]'=révnext{i]'=riscAtPm2 v next[i]’=r7 vnext|i]’=r9))
V'

NC(rdcnt, rd, wt, m.cnt, m.sct)
A {(pID=k A IsWriter) A ‘next[k]=wI1 A ‘w.cnt<l)
A (Y], ((j=k Anext|j]’=waitAtPww) v (Jzk Anext[j]’=*next[j})) )
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F

NC(rdcnt, rd, wt, m.set, m.cnt)
A (‘next[k]=wl)
A (Y, ((=k Anext[j)’=waitAtPww) v (jzk Anext[j]’="next[j])) )

=(@3i, i=k A(next[i]’=r3 v next[i]’=rlseAtPwr))

Vi’

NC(rdcnt, rd, wt, m.cnt, m.set)

A (( pID=K A IsWriter) A ‘next[k]=w1 A ‘w.cnt<1)

A (Vj, ((j=k Anext[j]’=waitAtPww) v (jzk Anext[j]’=‘next[j])))
NC(rdcnt, rd, wt, m.set, m.cnt)

A (‘next[k]=wl)

A (V), ((=k Anext[j]’=waitAtPww) v (jzk Ancxt[j]’=*next[j])) )
—(3i, i=k Anext|[i]’=r8)

vy

NC(rdcnt, rd, wt, m.cnt, m.set)

A ((pID=k A IsWriter) A ‘next{k]=wI1 A *w.cnt<])

A (Vj, ((j=k Anext[j]’=waitAtPww) v (j=k Anext{j]>=‘nextl[jl)) )
NC(rdcnt, rd, wt, m.set, m.cnt)

A (‘next[k]=wl1)

A (Y], ((=k Anext[j]'=waitAtPww) v (jzk Anext[j]’='next[j])) )
=(3i, i=k Anext[i]’=rlseAtPww)

Vis’

NC(rdcnt, rd, wt, m.cnt, m.set)

A ((pID=k A IsWriter) A ‘next[k]=w1 A ‘w.cnt<I)

A (Y], ((=k Anext[j]>=waitAtPww) v (J=k Ancxt[j]’=‘next[j}])) )

NC(rdent, rd, wt, m.set, m.cnt)
A (‘next|kj=wl)
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A (9], ((G=k Anext[j]'=waitAtPww) v (jzk Anext[j}’=*next[j])) )
(3i, i=k A(next[i]’=w2 v next[i]’=w3))
Vie'

NC(rdcnt, rd, wt, m.cnt, m.set)
A ((pID=k A IsWriter) A ‘next{k]=wl A ‘w.cnt<1)
A (Vj, ((=k Anext[j]>=waitAtPww) v (j=k Anext[j]’=*next[j])) )

NC(rdent, rd, wt, m.set, m.cnt)
A (‘nextik}=w1)
A (Y], ((j=k Anext[j)'=waitAtPww) v (jzk Anext[j]’=*next[j])) )

=(3i, i=k A(next[i]’=waitAtPm1 v next{i]’=waitAtPm2))
Vi

Column 4+9*(k-1) for k=1...n, where n is the number of Writers and M is the number of Readers and Writers:
Prove: INVARIANTS’
Given ‘INVARIANTS

A ((pID=k A IsWriter) A ‘next[k]=waitAtPww)

A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.sct)

A (Vj, (G=pID A nextfj]’=*next{j]) v (j=pID A next[j]’=*next|j])))
proof:

Since all of the variables in all of the invariant clauses arc not changed, the truth value of them will not change, hence, they will be true with the after-values of
the variables.

{column condition}

Column 5+9*(k-1) for k=n+1...M, where n is the number of Writers and M is the number of Readers and Writers:
Prove: INVARIANTS®
Given ‘INVARIANTS
A NC(rdent, rd, m.cat, m.set, w.cnt, w.set)
A (( pID=Kk A IsWriter) A ‘next(k]=rlscAtPww)
Awt='wi+]

A (V§, ((j=k Anext{j]'=NextLabel(riseAtPww)) v (jek anext{j]*=*next[j])))
proof:

Since all of the variables in the invariant clauses V,, V3, V,, Vi, V; are not changed, the truth value of them will not change, hence, they will be true with the
after-values of the variables.

For the invariant clauses in which the variables changed in the state change, we will prove them one at a time as below:
‘v Ov
ISA' Yy

{column condition})
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F

I

F

|.
|..
I.

A (( pID=k A IsWriter) A ‘next|k]=rlseAtPww)
A NC(rdcent, rd, m.cnt, m.set, w.cnt, w.set)

3, i=k A‘next[i]=riseAtPww) = (‘wt=0 A‘w.cnt<])

A (w.ent<l= ((‘weElA‘rd=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 AL, (‘next[t]=rIseAtPwr v'next[t]=rlseAtPww)))))

A ‘next[k]|=riseAtPww)
A NC(rdent, rd, m.cnt, m.set, w.cnt, w.set)

‘wt=0 A ‘w.cnt<]

A ((wEIArd=0) v (‘rd21A‘w=0)v(‘rd=0 A‘W=0 A3t, (‘next{t]=riseAtPwr venext[t]=riseAtPww))))

A NC(rdent, rd, m.cnt, m.set, w.cnt, w.sct)
‘rd=0 A NC(rdcnt, rd, m.cnt, m.sct, w.cnt, w.set)

rd’=0

rpy’
‘Vis

A ((pID=k A IsWriter) A ‘next[k]=rlseAtPww)
A NC(rdcent, rd, m.cnt, m.set, w.cnt, w.set)

A wt'=wit+l

3, i=k A*next[i]=rlseAtPww) = (‘wi=0 A‘w.cnt<])

A (( pID=k A IsRecader) A ‘next[k]=rlscAtPww)
A wt'=wt+1 A NC(rdent, rd, m.cnt, m.set, w.cnt, w.set)

‘wt=0 A ‘w.cnt<]
A wt'=*wt+] A NC(rdcent, rd, m.cnt, m.set, w.cnt, w.sct)

‘wt= 0 A wt'='wi+]
wt’=1

rpa’ AV

‘Vis

A ((pID=k A IsWriter) A ‘next[k]=rlseAtPww)
A NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
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(3i, i=k A‘nextli]=riseAtPww) = (‘wt=0 A‘w.cnt<l)

A(( pID=k A IsWriter) A ‘next[k]=tlscAtPww)

A NC(rdcnt, rd, m.cat, m.set, w.cnt, w.set)

‘wt= 0 A ‘w.cnt<lA NC(rdent, rd, m.cnt, m.set, w.cnt, w.set)

w.cnt’<]

~(w.cnt’=1)

T T T 7T

V¢

‘V|5 /\‘V,

A {(pID=k A IsWriter) A ‘next{k]=rlseAtPww)
A wb'='wi+]

A NC(rdent, rd, m.cnt, m.sct, w.cnt, w.set)

@i, i=k A‘nextlij=riscAtPww) = (‘wt=0 A‘w.cnt<1)
A (*w.ent<l=> ((Cwt=1A‘rd=0) v (‘rd2IA‘wt=0)v(‘rd=0 A‘wt=0 AL, (‘next]t]=riseAtPwr vnext[t|=rlscAtPww)))))
A ‘next{k]=riseAtPww
A wt'="wi+1A NC(rdent, rd, m.cnt, m.set, w.cnt, w.sct)
|.
‘wi= 0 A ‘w.cnt<l
A ((*wi=1A'rd=0) v (‘rd21A*w=0)v(‘rd=0 A‘wt=0 A, (‘next[t]=riseAtPwr v'next[t]=riscAtPww))))
A ‘next[k]=rlscAtPww
A wt'=*wi+] A NC(rdent, rd, m.cnt, m.set, w.cnt, w.sct)

‘wt= 0 A ‘w.cnt<l A ‘rd=0
A wt'=‘wit+1A NC(rdcent, rd, m.cnt, m.set, w.cnt, w.sct)
F {substitute for ‘wt , ‘rd, ‘w.cnt with corresponding after-values}
wt'=1A rd’=0
Aw.ent’<]

F

\ (%

NC(rdent, rd, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsWriter) A ‘next[k}=riseAtPww)
A (¥, (j=k Anext[j]’=NextLabel(rlscAtPww)) v (Jek anext(j]*=‘next{j])} )
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F {get function value of NextLabel(riseAtPww)}
NC(rdcnt, rd, m.set, m.cnt, w.cnt, w.sct)
A (‘next[k]=rlseAtPww)
A (V] ((1=k Anext[j’=w2) v (j#k Anext[j]’=‘next[j])) )

—(3i, i=k A(next[i]’=r3 v next[i]’=rlseAtPwr v next[i]’=rdv next[i]’=r5 v next[i]’=r6 v next[i]’=riseAtPm2vnext[i]’=r7))
vy’

NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsWriter) A ‘next[k]=rlseAtPww)
A (Vj, ((i=k Anext[j]’=NextLabel(rlseAtPww)) v (j2k Anext[j]’=*next[j])) )
{get function value of NextLabel(rlseAtPww)}
NC(rdent, rd, m.set, m.cnt, w.cnt, w.set)
A (‘nextlk]=riseAtPww)
A (V) ((G=k Anext[j]’=w2) v (j2k anext[j]’=‘next]j])) )

—(@3i, i=k Anext|i]’=rlseAtPwr)
Vio'

NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsWriter) A ‘next[k]|=rlseAtPww)
A (¥, ((i=k Anext[j]’=NextLabel(rlseAtPww)) v (jzk Anext[j]’=*next{j])) )
{get function value of NextLabel(riseAtPww)}
NC(rdent, rd, m.set, m.cnt, w.cnt, w.set)
A (‘nextlk]=riscAtPww)
A (Y, ((i=k Anextfj]’=w2) v (j=k Anext[j]’=‘next[j])) )

—@3@i, i=k A(next[i]’=rIscAtPm1 v next[i]’=r2v next[i]’=r3v next[i]’=rlscAtPwrv next]i]’=rdv next[i]’=rlscAtPm2 v next[i]’=r7vnext[i|’=r8vnext[i]’=r9))
\{TH

NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
A ((pID=k A IsWriter) A ‘next[k]=rlscAtPww)
A (V] ((1=k Anext[j]’=NextLabel(riscAtPww)) v (J#k Anext[j]’=*next{j]}) )
{get function value of NextLabel(riseAtPww)}
NC(rdcent, rd, m.set, m.cnt, w.cnt, w.sct)
A (‘next[k]=rlseAtPww)
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A (Vj, (G=k Anext[j]’=w2) v (jzk Anext{j]’=*next(j])) )

—@3i, i=k A( next[i]’=r1v next[i]’=riseAtPm1 v next(i]’=r2v next[i]’=rdv next[i]’=r5 v next(i]’=r6vnext[i]’=riseAtPm2 v next[i]’=r7 vnext[i}’=r9))

Vi’

NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsWriter) A ‘next[k|=rlseAtPww)
A (Vj, ((j=k Anext|j]’=NextLabel(rlseAtPww)) v (j2k Anext[j]’=*next(j])) )

NC(rdent, rd, m.set, m.cnt, w.cnt, w.set)
A (‘next[k]=riseAtPww)
A (V], ((1=k Anext[j]’=w2) v (j#k Anext[j]’=‘next[j})) )

—(3i, i=k A(next[i]’=r3 v next|i]’=rlseAtPwr))
Vi’

NC(rdent, rd, m.cnt, m.set, w.cnt, w.set)
A{(pID=k A IsWriter) A ‘next{k|=rlscAtPww)
A (Y], ((j=k Anext]j]’=NextLabel(rlscAtPww)) v (jzk anext[j]’=*next[j}}) )

NC(rdcnt, rd, m.set, m.cnt, w.cnt, w.set)
A (‘nextlk|=rlseAtPww)
A (Y, ((j=k Anext[j]’=w2) v (j=k Anext|jI’=*next|j])))

—(3i, i=k Anext|i]’=r8)
Vi

NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
A((pID=k A IsWriter) A ‘next[k]=rlscAtPww)
A (), ((j=k Ancxt[j)’=NextLabel(riscAtPww)) v (Jzk Anext[j)’=*next{j])) )

NC(rdent, rd, m.set, m.cnt, w.cnt, w.set)

A (‘next(k]=riscAtPww)

A (Y, ((j=k Anext[j]’=w2) v (J#k Anext]j]’=*next|f])) )
—@3i, i=k Anext{i]’=rlseAtPww)
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F

F

'.

Vs’

‘V,s A‘v;

A ((pID=k A IsWriter) A ‘next[k]=rlseAtPww)

A wt'=wi+l

A NC(rdent, rd, m.cnt, m.set, w.cnt, w.set)

A (V] ((7=k Anext[j]’=NextLabel(rlseAtPww)) v (jzk Anext{j]’=*next(j])) )

@i, i=k A‘nextli]=rIseAtPww) = (‘wt=0 A‘w.cnt<1)

A (‘w.ent<1= ((‘wt=1A‘rd=0) v (‘rd21A‘wt=0)v{(‘rd=0 A‘wt=0 AGt, (‘next[t]=rlseAtPwr v'next[t]=rlscAtPww)))))

A ‘next[k]=riseAtPww
A wt'=*wit+1A NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
A (Vj, ((=k Anext[j]’=NextLabel(rlscAtPww)) v (jzk anext[j]’=‘next[j])) )

‘wt= 0 A ‘w.ent<l

A ((*wt=1Ard=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next|t]=riscAtPwr v¢next{t]=riscAtPww))))

A ‘next[k]=rlscAtPww

A wt'=‘wt+] A NC(rdent, rd, m.cnt, m.set, w.cnt, w.sct) A (Vj, ((7=k ancxt[j]'=NextLabel(rlscAtPww)) v (jzk anext[j]’='next[j))) )

‘wt=0 A ‘w.cnt<l

A wt'='wit+]

A NC(rdent, rd, m.cnt, m.set, w.cnt, w.sct)

A (V] ((j=k Anext[j]’=w2) v (jzk Anext[j]’=*next{j])))

wt’'=1 A w.ent’<1A (Vj, ((j=k Anext[j]’=w2) v (jzk anext[j]’="next[j])) )

Vig’

NC(rdcent, rd, m.cnt, m.set, w.cnt, w.sct)

A ((pID=k A IsWriter) A ‘next[k]=rlscAtPww)

A (Vj, ((j=k Anext|[j]’=NextLabel(rlseAtPww)) v (j#k Anext[j]’=*next[j])) )
NC(rdent, rd, m.set, m.cnt, w.cnt, w.set)

A (‘next[k|=riseAtPww)

A (Vi ((i=k Anext[j[’=w2) v (j#k anext[j]"=‘next[j])) )

—(3i, i=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))
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A\

Column 6+9*(k-1) for k=n+1...M. where n is the number of Writers and M is the number of Readers and Writers:
Prove: INVARIANTS’

Given ‘INVARIANTS
A NC(rdcent, rd, wt, m.cnt, m.sct, w.cnt, w.set)
A ((pID=k A IsWriter) A ‘next[k]=w2)

A (Vj, ((=k Anext[j]’=NextLabel(w2)) v (jzk anext{j]’=*next[j])) )
proof:

{column condition}

Since all of the variables in the invariant clauses rpl, rp2, Vy, V3, V3, Vy, Vs, Vi, V5 are not changed, the truth value of them will not change, hence, they will be
true with the after-values of the variables.

For the invariant clauses in which the variables changed in the state change, we will prove them onc at a time as below:
¥,
8

A (( pID=k A IsWriter) A ‘next{k]=rlseAtPww)
A NC(rdcnt, rd, m.cnt, m.set, w.cnt, w.set)
A (Y], ((=k anext[j]’=NextLabel(w2)) v (jzk Aanext[j}’=*next(j])) )

{replace 'V, with its definition)
(‘w.ent<]= ((‘wt=lA‘rd=0) v (‘rd21A‘wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next[t]=riscAtPwr venext{tj=riseAtPww)))))
A NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A {(pID=k A IsWriter) A *next[k]=rlscAtPww)
A (], ((7=k Ancxt[j]'=NextLabel{w2)) v (jzk anext{j]'='next[j])))
I_
(‘w.ent<l=> ((‘wt=1A'rd=0) v (‘rd21 A'wi=0)v(‘rd=0 A*wt=0 A (3t, (*next{t]=rlscAtPwr v'next{t]=rlscAtPww)))))
A NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (‘next{k]=rlseAtPww)

A (Y, ((1=k Anext[j)'=NextLabel(w2)) v (j=k anext[j]’=*next[j})) )

(‘w.ent<l=> ((‘wi=IA'rd=0)v(‘rd21A*wt=0) v (‘rd=0 A‘w(=0 A (3t, (t=kv t2K)A (‘next[t]=rlscAtPwr v¢next[t]=rlscAtPww)))))
A NC(rdent, rd, wi, m.cnt, m.set, w.cnt, w.set) A (‘next[k]=rlscAtPww)A (Vj, ((j=k anext[j]’=NextLabel(w2)) v (j2k anext{j]’=*next[j])) )

F
(*w.ent<l= ((*wt=1A'rd=0)v(‘rd21A'wt=0) v

(‘rd=0 A*'wt=0 A (3t, (t=k A (*next[t]=riscAtPwr vnext[t]=rlseAtPww))v (tzk A (‘next[t|=rIseAtPwr vnext{t]=rlscAtPww))) )))
A NC(rdent, rd, wt, m.cnt, m.set, w.cnt, w.set) A (*next{k]=rlseAtPww)a (Vj, ((j=k Ancxt[j]’=NextLabel(w2)) v (j=k anext[j]'=*nex1[j])) )

(‘w.ent<l= ((‘wt=1Ard=0)v(‘rd21A*wit=0) v (*rd=0 A‘wt=0 A (3t, Falsev (tzka (‘next{t]=rlscAtPwr v*next[t]=riscAtPww))) )))
A NC(rdent, rd, wt, m.cnt, m.set, w.ent, w.set) A (*next{k]=rIscAtPww)A (Vj, ((5=k Ancxt[j]’=NextLabel(w2)) v (jzk anext(j]'=*nexi(j])) )

}.
(‘w.ent<1= ((‘W=IA'rd=0)v(‘rd21A'wt=0) v(‘rd=0 A‘wt=0 A (3t, (tzkA (‘next|tj=riscAtPwr v*next|t]=riscAtPww))) )))
A NC(rdent, rd, wi, m.cnt, m.set, w.ent, w.sct) A (*next[k]=rlseAtPww)A (], ((j=k ancxt[j]’=NextLabel(w2)) v (j=k Anext(j)'="next[j])) )
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F {substitute for ‘wt, ‘rd, ‘w.cnt, ‘next with corresponding after-values in ‘Vy}
w.ent’<l=> (wt'=1Ard’=0) v (rd’21Awt’=0)v(rd’=0 Awt’=0 A3t, (tka (next[t]’=rIscAtPwr vnext[t]’=riscAtPww)))))

\7%

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsWriter) A ‘next[k]=w2)

A (¥, ((i=k Anext[j]’=NextLabel(w2)) v (j=k anext(j]’=*next[j])) )
{get function value of NextLabel(w2)}
NC(rdent, rd, wt, m.set, m.cnt, w.cnt, w.set)

A (“next[k]=w2)

A (), ((=k Anext[j]’=w3) v (J=k Ancxt[j]’="next[j])) )

=Q@i, i=k A(next[i]’=r3 v next[i]’=riscAtPwr v next[i]’=rdv next[i]’=r5 v next[i]’=r6 v next[i]’=rlscAtPm2vnext{i]’=r7))

A\ /Y

NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (( pID=k A IsWriter) A ‘next|k]=w2)

A (¥, ((=k Anext[j]’=NextLabel(w2)) v (jzk Anext[j]’=‘next{j])) )
{get function value of NextLabel(w2)}
NC(rdcnt, rd, wt, m.set, m.cnt, w.cnt, w.set)

A (‘next{k]=w2)

A (V] ((1=k Anext[j]’=w3) v (jzk Anext[j]’=*next[j])) )

—(3i, i=k Anext|i]’=rlscAtPwr)
Vi’

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.sct)

A (( pID=k A IsWriter) A *next[k]=w2)

A (Y], ((1=k Anext[j]"=NextLabel(w2)) v (i#k anext[j]’=*next[i])) )
{get function value of NextLabel(w2)}

NC(rdent, rd, wt, m.sct, m.cnt, w.cnt, w.sct)

A (‘next[k]=w2)

A (Y], ((J=k Anext[j]’=w3) v (jzk anext[j]’=*next{i])} )

—@3i, i=k A(next[i]’=rlseAtPm1 v next[i]’=r2v next[i]'=r3v next{i]’=riseAtPwrv next[i]'=r4 v next(i *=rlscAtPm2 v next[i]*=rTvnext|i]’=r8vnext|i]’=r9))
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vy’

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsWriter) A ‘next[k]=w2)
A (V], ((7=k Anext{j]'=NextLabel(w2)) v (jzk anext(j]’=*next(j}}) )

F {get function value of NextLabel(w2)}
NC(rdent, rd, wt, m.set, m.cnt, w.cnt, w.sct)

A (‘nextlk]=w2)
A (Vj, (=K anext[j]’=w3) v (jzk Anext[j]’=*next(j])))

—(3i, i=k A( next[i]’=r1v next[i]’=rlseAtPm] v next[i]’=r2v next[i]’=rdv next{i]’=r5 v next[i]’=révnext[i]’=riseAtPm2 v next[i]’=r7 vnext[i]’=r9))
Vi’

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.set)
A (( pID=k A IsWriter) A ‘next[k|=w2)
A V], ((j=k Ancxt[j]'=NextLabel(w2)) v (j#k Anext{j]’=‘next(j])))

{get function value of NextLabel(w2)}
NC(rdcnt, rd, wt, m.set, m.cnt, w.cnt, w.sct)

A (*nextlk]=w2)
A (), ((1=k Anext[j)’=w3) v (jzk anext[j]’=*next|j])) )

(34, i=k A(next[i|*=r3 v next[i]’=riscAtPwr))
Vi

NC(rdcnt, rd, wt, m.cnt, n.sct, w.cnt, w.set)
A (( pID=k A IsWriter) A ‘next|k]=w2)
A (V] ((j=k Anext|j)’=NextLabel(w2)) v (j#k Anext|j]’=*next[j])) )

{get function value of NextLabel(w2)}
NC(rdcent, rd, wt, m.sct, m.cnt, w.cnt, w.set)

A (‘next[k]=w2)

A (V] ((=k Anext[j]’=w3) v (j=k Anext[j]'="next[j])) )
—(3i, i=k Anext[i]'=r8)

Vi

NC(rdcnt, rd, wt, m.cnt, m.set, w.cnt, w.sct)
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F

F

A ((pID=k A IsWriter) A ‘next[kj=w2)
A (V], ((1=k Anext[j]’=NextLabel(w2)) v (jzk anext[j]’=‘next[j]}) )

NC(rdcnt, rd, wt, m.set, m.cnt, w.cnt, w.set)
A (‘next[k]=w2)
A (V], (G=k Anext[j]’=w3) v (jzk Anext[j]’=*next[j])) )

—(3i, i=k Anext[i]’=riseAtPww)
Vis’

Vi

A (( pID=k A IsWriter) A ‘next[k]=w2)

A NC(rdcent, rd, wt, m.cnt, m.set, w.cnt, w.set)

A (Vj, ((i=k Anext[j]’=NextLabel(w2)) v (jzk Anext[j]’=*next|j])) )

@i, i=k A(*next[i]=w2 v*next{i]=w3)) = (‘wt=1 A‘w.cnt<])

A (“‘nextlk]=w2)

A NC(rdent, rd, wt, m.set, m.cnt, w.cnt, w.set)

A (V], ((=k Anext[j]'=NextLabel(w2)) v (jzk anext[j]’=*next[j])} )

‘wt=1 A ‘w.cnt<l

NC(rdent, rd, wt, m.set, m.cnt, w.cnt, w.set)

A (‘next[k]=w2)

A (), ((=k Anext[j]’=w3) v (jzk Anext[j]’=*next]j])) )

wt'=1 A w.ent’<1A (Vj, ((7=k Anext[j]’=w3) v (jzk Anext[j]'=‘next[j])) )

V¢’

NC(rdent, rd, wt, m.cnt, m.sct, w.cnt, w.set)
A (( pID=k A IsWriter) A ‘next[k]=w2)
A (Vj, ((i=k Anext[j]’=NextLabel(w2)) v (jzk anext[j]’=‘next[j])) )

NC(rdent, rd, wt, m.set, m.cnt, w.cnt, w.set)
A (‘next[k]=w2)

A (V], ((=k Anext[j]’=w3) v (j#k anext[j}]’=*next[j])) )

—(3i, i=k A(next[§]’=waitAtPm1 v next[i]’=waitAtPm2))

222



{get function value of NextLabel(w2)}

{get function value of NextLabel(w2)}

{substitute for ‘wt , ‘w.cnt with corresponding after-values}
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vy

Column 7+9*(k-1) for k=n+1...M, where n is the number of Writers and M is the number of Readers and Writers:
Given ‘INVARIANTS

A (( pID=K A IsWriter) A ‘next{k]=w3 A ‘w.cnt>0)

{column condition}

‘Vig
A ((pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt>0)

@3, i=k A (‘next[j]=w2 v*next[jl=w3))= (‘wt=1 A‘w.cnt<1) A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt>0)
‘wt=1 A ‘w.cnt<l
‘w.cnt<]

‘w.cnt<0

T T T T

~(*w.cnt>0)

—(( pID=k A IsWriter) A ‘next|k]=w3 A ‘w.cnt>0)

Here, we derived the negation of the column condition, which proves any state changes described in this column will not occur.

Column 84+9*(k-1) for k=n+1...M, where n is the number of Writers and M is the number of Readers and Writers:
Prove: INVARIANTS’

Given °*INVARIANTS
A NC(rdent, rd, m.cnt, m.sct, w.set)
A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)
Awt'=wi-1
A w.ent'=‘w.cnt+]

A (Y, ((j=k Anext{j]’=NextLabel(w3)) v (j#k anext([j]’=*next(j])) )
proof:

{column condition}

Since all of the variables in the invariant clauses V,, Vs, Vs, V5 are not changed, the truth value of them will not change, hence, they will be true with the after-
valucs of the variables.

For the invariant clauses in which the variables changed in the state change, we will prove them one at a time as below:
VgAY
16 ]

A ((pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cat=0)
A wt'=twt-1

A NC(rdent, rd, m.cnt, m.set, w.sct)
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T T T T

T T T 7T

@3i, i=k A (‘next[i]=w2 v ‘next|i]=w3)) = (‘wt=1 A‘w.cnt<1)

A (fw.ent<l=> ((‘wt=1Ard=0) v (‘rd21A*'wt=0)v(‘rd=0 A‘wt=0 A(3t, (‘next[t]=riseAtPwr v'nextjt]=riscAtPww)))))
A (( pID=k A IsReader) A *next{k]=w3 A ‘w.cnt=0) A wt’=*wt-1 A NC(rdcnt, rd, m.cnt, m.set, w.set)

‘wt=1 A‘w.cnt<lA‘rd=0

‘rd=0

rd’=0

rpy’

‘Vis

A wt'=*wt-1

A NC(rdcnt, rd, m.cnt, m.set, w.sct)

@3, i=k A (‘next|i]=w2 v *next[i]=w3)) = (‘wit=1 A‘w.cnt<])
A wt'=*wt-1 A NC(rdent, rd, m.cnt, m.set, w.set)

‘wt=1 A‘w.ent<lA wt'=‘wt-1
‘wt=1 A wt'=‘wt-]

wt’=0

rp’ A VY

(( pID=k A IsWriter) A ‘next{k]|=w3 A ‘w.cnt=0)
A w.ent’=‘w.cnt+1

‘w.cnt=0A w.cnt’="w.cnt+]
w.ent’=]1
A\

‘Vu A‘V'
A (( pID=Kk A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)
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F

T T T 7T

A wt'=wt-1
A w.ent’=*w.cnt+1
A NC(rdcnt, rd, m.cnt, m.set, w.set)

@i, i=k A (‘next{i]=w2 v ‘next[ij=w3)) = (‘wt=1 A‘w.cnt<1)

A (fweent<]= ((‘wt=1A'rd=0) v (‘rd2IA‘w=0)v(*rd=0 A*wt=0 AL, (‘next[t]=rlseAtPwr v‘next[t]=riscAtPww)))))
A ((pID=k A IsReader) A ‘next[k]=w3 A ‘w.cnt=0)
A wt'=‘wt-1 A w.ent’=*w.cnt+1a NC(rdent, rd, m.cnt, m.set, w.set)

‘wi=1 A'w.ent=0A‘rd=0A wt'='wt-1 A w.cnt’=*w.cnt+1A NC(rdcnt, rd, m.cnt, m.set, w.sct)

{substitute for 'rd, ‘wt, ‘w.cnt with corresponding after-values}
wt'=0 Aw.cnt’=1Ard’=0

vs'

(( pID=k A IsWriter) A *next[kj=w3 A “w.cnt=0)
A w.ent’=‘w.cnt+l
‘w.ent=0A w.cnt'='w.cnt-|

{substitute for ‘w.cnt with ‘'w.cnt+1}
w.cnt’=]

= (w.cnt’<1)
V.’

NC(rdcnt, rd, m.cnt, m.set, w.set)

A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)

A (V], ((=k Anext[j]’=NextLabel(w3)) v (j=k Anext|j]’=*next|j])) )

{get function value of NextLabel(w3)}
NC(rdcnt, rd, m.sct, m.cnt, w.set)

A (‘next|kj=w3)

A (¥], ((=k Anext[j]’=END) v (j=k Anext(j]’=*next{j])) )

=3I, i=k A(next[§]’=r3 v next[i|'=rlseAtPwr v next]i]’=rdv next[i]’=rS v next[i]’=ré v next[i]’=rlseAtPm2vnext[i]’=r7))
\ 7Y

NC(rdcnt, rd, m.cnt, m.set, w.set)
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A (( pID=k A IsWriter) A ‘next{k]=w3 A ‘w.cnt=0)
A (Vi, ((i=k Anext{j]’=NextLabel(w3)) v (jzk Anext{j]’=‘next(j])) )
{get function value of NextLabel(w3)}
NC(rdcnt, rd, m.set, m.cnt, w.set)
A (“next[k]=w3)
A (), ((j=k Anext[j]>=END) v (j=k Anext[j]’=*next[j])) )

—(3i, i=k Anext[i]’=rlseAtPwr)
Vi’

NC(rdcent, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)
A (Vi, ((i=k Anext[j]’=NextLabel(w3)) v (j=k Anext[j]’=‘next(j])) )
{get function value of NextLabel(w3)}
NC(rdent, rd, m.set, m.cnt, w.set)
A (“‘next|k]=w3)
A (Y, ((i=k Anext[j]’=END) v (j=k anext[j]’=*next{j])) )

=i, i=k A(next[i]’=rIseAtPmIvnext[i]’=r2vnext[i]’=r3vnext[i]’=rlseAtPwrv nextli]’=rd v next[i]’=rlscAtPm2vnext[i]’=rTvnext[i]’=r8vnext[i]’=r9))

Vi

NC(rdcnt, rd, m.cnt, m.set, w.set)
A (( pID=Kk A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)
A (Y, ((i=k Anext[j]’=NextLabel(w3)) v (j#k Anext[j]’=‘next[j])) )
{get function value of NextLabel(w3)}
NC(rdent, rd, m.sct, m.cnt, w.sct)
A (*next(k]=w3)
A (Vi, ((G=k Anext[j]’=END) v (j#k anext[j]’=‘next[j])) )

—(3i, i=k A( next[i)’=rlv next[i}’=rlscAtPm1 v next[i]’=r2v next[i]’=rdv next[i]’=r5 v next[i]’=r6vnext|i]’=rlseAtPm2 v next[i]’=r7 vnextli]’=r9))
Vi)'

NC(rdcnt, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next[k]=w] A ‘w.cnt=1)

A (Y], (j=k Anext[j]’=NextLabel(wI)) v (jzk anext[j]’=*next{j])) )
{get function value of NextLabel(w3)}
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NC(rdcnt, rd, m.set, m.cnt, w.set)
A (‘nextlk}=wl)
A V], ((=k Anext[j]’=w2) v (j#k Anext[j]’=‘next[j])))

—(@3i, i=k A(next]i]’=r3 v next|i]’=riseAtPwr))
Viy’

NC(rdcnt, rd, m.cnt, m.set, w.set)
A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)
A (¥}, ((=k Anext[j]’=NextLabel(w3)) v (j=k Anext[j]’=next|j])} )

NC(rdent, rd, m.set, m.cnt, w.set)
A (‘next[k]=w3)
A (Vi, ((j=k Anext|jI’=END) v (j#k Anext[j]’=‘next(j])})

-G, i=k Anext[i]’=r8)
Vid

NC(rdcnt, rd, m.cnt, m.sct, w.sct)
A ((pID=K A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)
A (Y], ((j=k Ancxt[j]’=NextLabel(w3)) v (jzk Anext[j]’=*next{j])) )

NC(rdent, rd, m.set, m.cnt, w.sct)
A (‘next[k]=w3)
A (Y], ((;=k Anext]jI’=END) v (j#k Anext[j]’=*next|j]}) )

@3i, i=k Ancxt[i]’=rlscAtPww)
Vs’

NC(rdcnt, rd, m.cnt, m.sct, w.sct)
A{( pID=Kk A IsWriter) A ‘next|k|=w3 A ‘w.cnt=0)
A (V], ((I=k Anext{j]’=NextLabel(w3)) v (Jk anext[j]’=*next[j})) )

NC(rdcnt, rd, m.sct, m.cnt, w.sct)
A (“next[k]=w3)
A (], ((1=k Anext[j]'=END) v (J#k Anext|j]'=*next[j])) )



{get function value of NextLabel{w3)}

{get function value of NextLabel(w3)}

{get function value of NextLabel(w3)}
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F

=(3i, i=k A(next[i]’=w2 v next[i]’=w3))
Vi’

NC(rdcnt, rd, m.cnt, m.set, w.set)
A ((pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt=0)
A (Vj, ((j=k Anext[j]’=NextLabel(w3)) v (jzk Anext{j]>=‘next{j])) )
{get function value of NextLabel(w3)}
NC(rdcnt, rd, m.set, m.cnt, w.set)
A (“next[k]=w3)
A (Vj, (((=k Anext{j]’=END) v (jzk Anext[j]’=‘next(j})) )

=(3i, i=k A(next[i]’=waitAtPm1 v next[i]’=waitAtPm2))

Vi

Column 9+9*(k-1) for k=n+1...M, where n is the number of Writers and M is the number of Readers and Writers:
Prove: INVARIANTS’
Given ‘INVARIANTS
A NC(rdent, rd, m.cnt, m.set)
A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)
A wt'=‘wt-1
A w.ent’=‘w.cnt+l
A wset’=(3t, ((‘w.set-{t}) A(‘nextit]=waitAtPwwv*next{t]=waitAtPwr)))
A (Vj, (j=k A next[j]’=NextLabel(w3))
v (j=zk A Je(‘w.set-w.set’)A((‘next[jl=waitAtPww A next[j]’=rlscAtPww)v(‘next[jl=waitAtPwra next[j]’=riscAtPwr))
v (j#k A je(‘w.set-w.set’)anext[j]’="next[j])))

{column condition}

proof:
Since all of the variables in the invariant clauses Vy, V3, Vs, V; are not changed, the truth value of them will not change, hence, they will be true with the after-

values of the variables.
For the invariant clauses in which the variables changed in the state change, we will prove them one at a time as below:
‘v“ A‘Vg
A ((pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)
A wt'=‘wt-]
A NC(rdent, rd, m.cnt, m.set)

(35, i=k A (‘nextfi]=w2 v ‘next|i]=w3)) = (‘wt=1 A‘w.cnt<1)
A (twent<I ((‘wE1Ard=0) v (‘rd21A'wt=0) v (‘rd=0 A‘wt=0 A(St, (*next|tj=riscAtPwr v'next|t]=riseAtPww)))))
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‘.
|.
F
I..

F
F
+
F

A (( pID=k A IsReader) A *next[k]=w3 A ‘w.cnt<0)
A wt'=*wt-1 A NC(rdcnt, rd, m.cnt, m.set)

‘wt=1 A'w.cnt<lA‘rd=0
‘rd=0

rd’=0

rpy’

Vis

A wt'='wi-1

A NC(rdcent, rd, m.cnt, m.set)

@i, i=k A (‘next[i]=w2 v ‘next|ij=w3)) = (‘wt=1 A'w.cnt<l)
A wt'=*wi-1 A NC(rdent, rd, m.cnt, m.set)

‘wt=1 A'w.ont<la wt'=‘wi-]
‘wi=lA wt'="wt-1

wt'=0

AV

(( pID=k A IsWriter) A ‘next{k|=w3 A ‘w.cnt<0)
A w.ent’='w.cnt+1

‘w.ont<0A w.cnt’="w.cnt+]

w.cnt’<1

A\

(( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)
A w.ent’=w.ent+l

F

‘w.cnt<0A w.cnt'='w.cnt+]



{substitute for ‘rd with rd'}

{substitute for ‘wt with wt'+1}
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F

w.cnt’<]
—(w.cnt’=1)
V¢

‘Vie

A (( pID=k A IsWriter) A ‘next]k]=w3 A ‘w.cnt<0)

A NC(rdcnt, rd, m.cnt, m.set)

A wt'=wt-1

A went’=‘w.cnt+l

Awset’=3t, ((‘w.set-{t}) A(‘next[t}=waitAtPwwvinext[t}=waitAtPwr)))

A (Vj, (i=k A next[j]’=NextLabel(w3))
Vv (j2k A je(‘w.set-w.set*)A((‘next[j]=waitAtPww A next[j]’=rilscAtPww)v(‘next]jl=waitAtPwra next|j]’=riseAtPwr))
v (j#k A je(*w.set-w.set’)Anext[j]’=next]j])))

@i, i=k A (‘next][i]=w2 v ‘next[i]=w3)) => (‘wt=1 A‘w.cnt<])

A (( pID=k A IsRcader) A ‘next[k]=w3 A ‘w.cnt<0)

A NC(rdent, rd, m.cnt, m.set)

A wt'=‘wt-1 A w.ent’=‘w.cnt+l1

A wset'=(31, (‘w.set-{t}) A(‘next[t]=waitAtPwwv'next[t}=waitAtPwr))

A (Vj, (j=k A next[j]'=NextLabel(w3))
v (jzk A je(‘w.set-w.set )A((*next[j]=waitAtPww A next[j]’=rlscAtPww)v('next[t]=waitAtPwrA next[j)’=riscAtPwr))
v (jzk A je(‘w.set-w.sct’)ancxt[j]’="next[j))))

‘wt=1 A‘w.ent<0A‘rd=0
A NC(rdcnt, rd, m.cnt, m.set) A wt'='wt-1 A w.en’='w.cnt+] A w.set’=(3t, (‘w.sct-{t}) A('next{tJ=waitAtPwwv next[t]=waitAtPwr))
A (Y], =k A next[j]’=NextLabel(w3))

v (jzk A je(*w.sct-w.set’)A((*next[j]=waitAtPww A next[j]’=rlseAtPww)v(‘next[t}=waitAtPwra next(j]'=rlscAtPwr))

v (jzk A je(‘w.sct-w.set’)anext[j]'="next[j])))
{substitute for ‘wt, ‘rd, ‘w.cnt, with corresponding after-values}

‘w.ent<lard’=0 Awt’=0 A3t, (next(t]’=rlseAtPwr vaext|t]'=riscAtPww))
Vg’

NC(rdcnt, rd, m.cnt, m.set)
A (( pID=k A IsWriter) A ‘next|k]=w3 A ‘w.cnt<0)
A (), 5=k A next[j]>=NextLabel(w3))
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v (i#k A je(‘w.set-w.set)A((‘next[jj=waitAtPww A next{j]’=rlseAtPww)v(‘next[j|=waitAtPwrAa next[j]’=rIscAtPwr))
v (jzk A je(‘w.set-w.set’)anext]j] = next[j])))
F {get function value of NextLabel(w3)}
NC(rdcnt, rd, m.set, m.cnt, w.set)
A (‘next]k]=w3)
A (), =k A next]j]’=END)
v (izk A je(‘w.set-w.set’)A((*next[j]=waitAtPww A next(j]'=rlscAtPww)v(‘next[t]=waitAtPwrA nextfj]) =rlscAtPwr))
v (j#k A je(‘w.set-w.set’)anext[j]’=*next(j])))

F

@i, i=k A(next{i]’=r3 v next|i]’=rlseAtPwrvnext[i]’=rdv next[i]'=r5 v next(i]’=r6 v next[i]’=rlscAtPm2vnext[i}’=r7))
Vy'

NC(rdent, rd, m.cnt, m.set)
A (( pID=k A IsWriter) A ‘next|k]=w3 A ‘w.cnt<0)
A (¥j, =k A next(j]’=NextLabel(w3))
v (jzk A je(“w.set-w.set)a((‘next[jl=waitAtPww A next[j]’=riscAtPww)v(‘next[j|=waitAtPwrAa next(j]'=riseAtPwr))
Vv (j#k A je(*w.set-w.set’)anext[j]’=*next]j])))
F {get function value of NextLabel(w3)}
NC(rdent, rd, m.set, m.cnt, w.set)
A (*next[k]=w3)
A (V), (i=k A next[j]’=END)
v (j2k A je(*w.set-w.ser’)A((* next[jl=waitAtPww A next[j]'=riscAtPww)v(‘next[t]=waitAtPwrA next[j]’=rlseAtPwr))
v (jzk A je(‘w.set-w.set’)anext[j]'="next[j])))

3, i=k Anext{i]’=rlseAtPwr)
Vi’

NC(rdcnt, rd, m.cnt, m.set)
A (( pID=K A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)
A (Y], (7=k A next[j]'=NextLabel(w3))

v (j#k A Je(“w.set-w.se’)A((*nextlj]=wait AtPww A next[j]*=riseAtPww)v(*next[jl=waitAtPwra nextlj]’=riseAtPwr))

v (jek A jg(*w.set-w.set’)Anext[]]'=*next{j])})

{get function value of NextLabel(w3)}

NC(rdcent, rd, m.set, m.cnt, w.sct)
A (*next[k|=w3)
A (Y], (j=k A next[j]’=END)

v (jzk A je(‘w.set-w.set)A((*next[jl=wait AtPww A next[j}'=rlscAtPww)v(‘next[t}=waitAtPwra next{j]'=rlseAtPwr))
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v (jzk A je(‘w.set-w.set”)anext[j]’="next[j])))
@i, i=k A(next{i]’=rlseAtPm1vnext[i]’=r2v next{i]’=r3v next[i]’=rlseAtPwrv next|i]’=rdvnext[i]’=rlscAtPm2v next|i]’=r7vnext|i]’=r8vnext[i]’=r9))

Vi’

NC(rdcnt, rd, m.cnt, m.set)
A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)
A (Vj, (j=k A next[j]’=NextLabel(w3))
v (j2k A je(‘w.set-w.set’)A((‘next[jj=waitAtPww A next[j]’=riseAtPww)v(‘next[jl=waitAtPwrA next[j]’=rilscAtPwr))
v (j2k A je(‘w.set-w.set’)anext[j]>=*next(j])))
{get function value of NextLabel(w3)}
NC(rdcnt, rd, m.set, m.cnt, w.sct)
A (‘next|k]=w3)
A (V), =k A next[j]’=END)
v (jzk A je(*w.sct-w.set )A((*next[jl=waitAtPww A next[j]’=rlscAtPww)v('next[t}J=waitAtPwra next[j] =rlscAtPwr))
v (j2k A je(‘w.set-w.set’)anext[j]'="next[j))))

@34, i=k A( next[i]’=r1v next[i]’=rlscAtPm1 v next[i]’=r2v next[i]'=r4v next[i]’=r5 v next(i]’=r6vnext(i]’=rlseAtPm2 v next{i]’=r7 vnext(i]’=r9))
Vi’

NC(rdcnt, rd, m.cnt, m.set)
A (( pID=k A IsWritcr) A ‘next]k]=w3 A ‘w.cnt<0)
A (), (j=k A next[j]"=NextLabel(w3))
v (j2k A je(‘w.set-w.set )A((*next[j]=waitAtPww A next]j]’=riseAtPww)v(‘next]j]=waitAtPwrA next[j]’=riseAtPwr))
v (jzk A je(“w.set-w.set’)Anext[j]’=next[j])))
{get function value of NextLabel(w3)}
NC(rdcnt, rd, m.set, m.cnt, w.set)
A (‘next(k]=w3)
A (¥, 7=k A next{j]’=END)
v (j#k A je(*w.set-w.set’)A((‘next[j]=waitAtPww A next{j]’=rIseAtPww)v(‘next[t]=waitAtPwra next[j]'=riscAtPwr))
v (jzk A je(‘w.sct-w.set")anext[j]'=*next[j))))

3, i=k A(next[i]’=r3 v next{i]’=rlscAtPwr))
Vi

NC(rdcnt, rd, m.cnt, m.set)

232



A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)

A (Vj, (7=k A next|j]’=NextLabel(w3))
v (jzk A je(‘w.set-w.set)A((‘next[jl=waitAtPww A next[j]’=riseAtPww)v(‘next[j|=waitAtPwrA next(j]’=riseAtPwr))
v (jzk A je(‘w.set-w.set’)Anext]j]’=*next[j]}))

{get function value of NextLabel{w3)}
NC(rdcnt, rd, m.set, m.cnt, w.set)

A (‘next[k]=w3)

A (Vj, =k A next[§]’=END)
v (j#k A je(*w.set-w.set’)A((*next[jJ=waitAtPww A next[j]’=riscAtPww)v(‘next[t}=waitAtPwra next[j]’=riscA1Pwr))
v (j#k A je(‘w.set-w.set’)anext[j]'="next{j})))

+

@i, i=k Anextli}’=r8)
\4%

NC(rdcnt, rd, m.cnt, m.set)
A(( pID=Kk A IsWriter) A ‘next|K]=w3 A ‘w.cnt<0)
A (¥], (i=k A next[j’=NextLabel(w3))

v (j2k A je(‘w.set-w.set*)A((*next [jl=wait AtPww A next{j’=riseAtPww)v(‘next|j]=waitAtPwra next{j|’=riseAtPwr))
v (=K A je(*w.set-w.set’)anext]j]’=*next[j])))

{get function value of NextLabel(w3)}
NC(rdent, rd, m.set, m.cnt, w.sct)

A (‘nextk]=w3)
A (V), (7=k A next[j]’=END)

v q:k Aj:e('w.scl-w.scl‘)A((‘ncxl[j]=wnitAthw A next[j] =rlscAtPww)v(‘next[t]=wait AtPwrA next[j]'=tlscAtPwr))
v 2k A je(‘w.set-w.set’)anext[j]'=*next[j])))

@3, i=k Anextfij’=riseAtPww)
Vis'

NC(rdcent, rd, m.cnt, m.set)
A{( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)
A (Y], (=K A next[j|’=NextLabel(w3))

v (izk A Je(‘w.set-w.set)A((“next{jj=wait AtPww A next[j]'=riscAtPww)v(‘next{j|=waitAtPwra next|j]’=riscAtPwr))
v (Jzk A jg(*w.set-w.set’)Anext]j]’=*next{j])))

{get function value of NextLabel(w3)}
NC(rdent, rd, m.set, m.cnt, w.set)

A (‘nextlk]=w3)
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A (¥, =k A next[j]’=END)
v (j=k A je(‘w.set-w.set’)A((‘next[j]=waitAtPww A next[j])’=tlseAtPww)v(‘next[t]=waitAtPwra next[j]’=tlseAtPwr))
v (jzk A je(‘w.set-w.set’)anext[j]’=*next[j])))

—(3i, i=k A(next[i]’=w2 v next|i]’=w3))
V¢’

NC(rdent, rd, m.cnt, m.set)
A (( pID=k A IsWriter) A ‘next[k]=w3 A ‘w.cnt<0)
A (Vj, (i=k A next[j]’=NextLabel(w3))
v (j2k A je(*w.set-w.set’)A((‘next[jl=waitAtPww A next[j]’=riscAtPww)v(‘next|j]=waitAtPwra next[j]’=riscAtPwr))
v (jzk A je(‘w.set-w.set’)anext[j]’=*next[j])))
{get function value of NextLabel(w3)}
NC(rdcnt, rd, m.set, m.cnt, w.sct)
A (‘next[k]=w3)
A (V), =k A next[j]’=END)
v (j2k A je(*w.set-w.set’)A((*next[jl=waitAtPww A next[j]’=rlseAtPww)v(‘next[t]=waitAtPwrA next[j]'=rlscAtPwr))
v (jzk A je(‘w.set-w.set’)anext[j]’="next(j])))

—(3i, i=k A(next[i]'=waitAtPm] v next[i]’=waitAtPm2))

Vi’
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