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Abstract

The paper is concerned with modelling and analysis of the MASCOT Pool IDA com-
munication mechanisms. Both the Four-slot fully asynchronous mechanism and the Two-slot
conditionally asynchronous mechanism are investigated. The mechanism properties are defined
first, to provide the basis for Petri nets modelling. Place/Transition nets and Coloured Petri
nets are used to produce the models. The Design/CPN software tool is used to verify those
communication mechanisms. It is shown that the method adopted is an effective way for verifi-
cation of the correctness of interprocess communication mechanisms used by parallel architec-
tures of distributed real-time systems.

1. Introduction

The Four-slot fully asynchronous communication mechanism was first developed by
Simpson, and presented publicly in the IEE Proceedings [1]. The mechanism provides a new
technique for solving the problem of accurate data transfer between concurrent processes using
parallel architectures within distributed real-time data processing systems. Generally the tech-
niques which have been used to provide concurrent access to shared data, were based on the
mutual exclusion principle. This new form of fully asynchronous communication mechanism is
not based on the mutual exclusion principle, instead it uses co-operative access control. Co-
operative access control uses control variables to steer both the reader and writer processes in-
order to preserve data integrity. The control variables are used as indices for the mechanism
steering strategy, and are not part of any conditional statement. Because there is no existence
of any form of wait protocol, the reader and writer processes are fully asynchronous and do not
have to wait for each other to maintain data integrity.

2. Background

This section contains an informal introduction to MASCOT, the interprocess commu-
nication of the Pool IDA, and the Design/CPN software tool. The reader can refer to a more
formal presentation in the litetae [1,2,3,4,5,6,7,8,9,10].

2.1 MASCOT

MASCOT (Modular Approach to Software Construction Operation and Test) is a
software design method for real-time systems, based on data flow concepts in which a key fea-
ture is the use of special symbols to represent the real time dynamics of concurrent processes



communicating through shared memory. Figure 1 shows the communication mechanism of
reference data being represented by a MASCOT pool IDA.
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Figure 1 Shared Pool IDA

In MASCOT there are two fundamental classes of components:

1.

Activity - the data processing component

An activity is a single sequential program thread that can be independently scheduled. The
activities communicate through IDAs. The IDA provides the necessary synchronisation
and mutual exclusion facilities. The graphical representation of activities have rounded
boundary and are often shown as circles.

Intercommunication Data Area (IDA) - the data communication component

An IDA is a passive element which services the data communication needs of activity com-
ponents. It can contain its own private data areas, and provides procedures which activi-
ties use for the transfer of data. The graphical representation of IDAs are rectangular
shapes with special forms for the channel and pool.

MASCOT supports several forms of IDAs which are based on their behaviour :

Channel IDA

The channel IDA allows message data to be passed from one process to another. It sup-
ports data communication between producers and consumers. It can contain one or more
items of information. Writing to a channel adds an item without changing items already in

it (a non-destructive write operation). The read operation is destructive, since it removes
an item from the channel. A channel can become empty and because its capacity is finite,
it can become full.

Pool IDA

The pool IDA allows reference data (a table or dictionary) to be passed from one process
to another. The reference data is retained within the pool, where it can be consulted at any
time by the reader and updated at any time by the writer. The write operation is destructive
and the read operation is non-destructive.

The classification of the communication models in MASCOT is based on its synchronous form.
The following presents the distinction between reference and message data for a single-writer
and a single-reader;

1. Reference data (Pool IDA)

« Fully asynchronous (Four-slot mechanism).



» Conditionally asynchronous (Two-slot mechanism).
2. Message data (Channel IDA)

» Loosely synchronous (Bounded buffer).

* Fully synchronous (Rendezvous).

2.2 Interprocess communication of the Pool IDA

The reader and the writer process co-operate dynamically by means of control vari-
ables so that concurrent access to any data record never occurs. The control variables are bit
type, so their values are always guaranteed to be coherent, and where reading and writing op-
erations can be concurrent and need not interfere with each other. They can be implemented by
a single latch (a bistable latch or a D-type flip-flop).
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Figure 2 Co-operative access control

Therefore, the mechanism design is based entirely on co-operative access control by means of
bit control variables (single binary digit of O or 1) and these variables are never used in condi-
tional statements which would affect process timing. Figure 2 shows the interprocess commu-
nication mechanism which is based on co-operative access control.

2.3 The Design/CPN software tool

Petri nets allow a system to be modelled where the resulting Petri net model can be
analysed to reveal information about the structure and dynamic behaviour of the modelled sys-
tem. Coloured Petri nets belong to a class of high-level nets which can model complex systems
in a manageable way. The practical use of Coloured Petri nets is highly dependent upon the
existence of adequate computer tools in-order to assist the modeller with the following [2] :

« Storing and handling all the details of his CP-net model.

* Obtaining better results (e.g. where the CPN editor provides precision and quality drawing
capabilities, and the simulator provides a computer support for complex analysis methods).

» Getting faster results (e.g. where the CPN editor is used to create and modify CP-net mod-
els, and the simulator is used to construct occurrence graphs).

» The possibility of making interactive presentation of the analysis results.

» The possibility of hiding technical aspects of the CP-net theory inside the tools.



The Design/CPN is an interactive computer tool to build and execute CP-nets [3,4,5]. It re-
quires X-Windows/Unix, or MacOs (Macintosh) platform. The tool provides the following :

* An editor to create and manipulate CP-nets.

» Syntax checker for validating CP-nets.

« A simulator for executing and debugging CP-nets.

» Facilities for organising a CP-net into a hierarchy of modules.

« Animation and charting facilities for displaying simulation results.

3. The Mechanism Properties

The mechanism we are considering involves the case of a single writer communicating
with a single reader by using a slot, which is a data area in shared memory capable of holding a
single data record in transit. The reader and writer are individually represented by a process,
which is an independent thread of execution defined by a series of sequential operations. Con-
trol variables are being used to regulate or direct the writing and reading of data. Both proc-
esses (reader and writer) can run in an endless loop to perform its dedicated function.

The author is trying to define the mechanism properties which will ensure through logical rea-
soning that the resulted Petri net model is a correct model. In other words, the mechanism
software design and the Petri net model represent the same system. Defining these properties
will provide the basis for Petri nets modelling. The main properties of the fully asynchronous
communication mechanism have been defined by Simpson [1]. These properties relate to the
behaviour of the mechanism and to how the interprocess communication is regulated. Addi-
tional properties relating to model representation will be introduced for two purposes. Firstly,

to make the Petri net model a true reflection of the software design. Secondly, to help with
clarity of presentation of the analysis. The properties list is as follows;

1. Asynchronism
Neither process (reader or writer) may affect the timing of the other as a direct result of its
communication operations.

2. Data coherence
Data must always be passed as a coherent set. Interleaved access to any data record by the
reader and the writer is not permitted.

3. Data freshness
The latest completed data record produced by the writer must always be made available for
use by the reader.

4. Mutually independent cycles
Each process (reader and writer) will be represented by a mutually independent Petri net
cyclic model, since each process is expected to run in an endless loop.

5. Reflecting the software design
The model must always reflect the software design forms proposed by Simpson [1]. The
software module will consist of global and local control variables, and access algorithms for
both the reader and writer processes. The execution of any single statement within each ac-
cess algorithm will be represented by the occurrence (firing) of a single transition in the cor-
responding Petri net model. Global control variables will have global scoping, so they will
keep their values between cycle execution (analogous to procedure or function calls). They
will be represented by a place stating their current bit value (0 or 1). Local control vari-
ables will have local scoping, so their values will be set dynamically during Petri nets exe-
cution, and maintained throughout the process execution cycle as required. This property



will make sure that the dynamic execution of the Petri net model will be the same as the
execution of the software design. If we break point the execution of the Petri net model at
any step, we should be able to tell, for each process, what is the current statement to be exe-
cuted next and what is the current value of each control variable. The results should be
identical to those which would be obtained if we were to break point the execution of the
software design at the corresponding statement.
6. Reflecting the way the mechanism is using control variables
The control variable is a bit type (single binary digit). It is used to regulate or steer the co-
operative processes, in-order to maintain data integrity. The Petri net model must maintain
the use of each control variable as intended by the proposed mechanism software design.
7. Reflecting the concurrent process execution
Petri nets execution is naturally concurrent, since the transition firing is never predeter-
mined. When modelling the access of control variables, attempt will be made to ensure that
transitions will be concurrently enabled. Therefore, if there exist any two enabled transi-
tions having the same input place, they might be in conflict for the same enabling token.
Removing all token conflicts will make all the transitions to be concurrently enabled. Here,
we have two situations:
» Both processes want to read the same control variable
In this situation, the number of tokens will be doubled, so each transition will have
its own set of enabling tokens. Therefore, we are matching the hardware design,
since reading a latch is done on the rising or falling clock signal edge.
» One process is reading and the other is updating the same control variable
In this case, the hardware design can accommodate writing and reading of the bit
variable, since the latch will lock its input (write value) on the rising edge, and de-
liver its output on the falling edge of the clock signal (or visa versa). Therefore, the
control variable bit value will be written on the rising edge and read on the falling
edge of the clock signal (or visa versa). The Petri nets execution will simulate this
situation, since the firing of either transitions is never predetermined. Let us con-
sider the following scenario:
Twz, TrO are two enabled transitions which require the same enabling token from
the same input place (see Figure 8). The execution sequene afr0 results in
writing the control variable followed by reading it. But the execution sequence of
Tr0, Tw2 results in reading the control variable followed by writing it. Both of
these sequences are permitted by the fair execution case of Design/CPN.
8. Metastability
The phenomenon of metastability occurs whenever a shared control variable is read close to
the time it is being changed. However, the execution of the Petri net model does not allow it
to happen because the two transitions (see Figure 8, wh&arites andTrO reads the
same shared control varialidges) will not fire at the same time, since they will be in con-
flict (requiring the same enabling tokkxtes). In the case of the hardware bistable latch,
the clock signal pulse width (the time duration between the rising and falling edges) can be
used to prevent metastability. Therefore, the shared control variables are always stable and
having a valid state of O or 1.
9. Detecting error condition
Detecting data coherence errors should not load the Petri net model by the creation of con-
flicts between transitions requiring the same enabling token.
10.Naming convention for places and transitions
For Place/Transition nets, the author has used a naming convention which reflects the soft-
ware design, by assigning the software design statements as names to transitions and the
control variables values as names to places. Although this has resulted in duplicate names
(which is not allowed by Petri nets), it is however intended to give a clear description of the



use of those transitions and places. Of course, for Coloured Petri nets, unique descriptive
names are used in accordance with the Petri nets rule.

4. The One-Slot Mechanism

This mechanism contains one possible place for data in transit. This is a null form of
co-operative access control. There is no need for control variables to regulate or steer data ac-
cess, since there exists only one slot to store the data in transit.

mechanism one-slot;
var data : TypeData =null;

procedure write(item : TypeData);
begin data :=item; end;

function reader : TypeData;
begin read :=data; end;

end.

Figure 3 The One-slot mechanism (in a Pascal like language)

The software design of the One-slot mechanism as in Figure 3, defines a single slot (to hold the
data) and two access algorithms (write and read). The single slot is initialised to null in-order
to ensure data coherence when the reader accesses the mechanism before the first write. In-
tegrity of the One-slot mechanism is only preserved if write and read never overlap by schedul-
ing the data access.

Start-Writing Start-Reading

Next-Write Write Read Next-Read

v

End-of-Writing End-of-Reading

Figure 4 Place/Transition net model for the One-slot mechanism

Figure 4 shows the Place/Transition net model for the One-slot mechanism. The Coloured
Petri net model is similar, since the tokens within the Coloured Petri net model would carry no
information except for their presence or absence.



5. The Two-slot Communication Mechanism

The software design of the Two-slot mechanism, is shown in Figure 5. This design
consists of the following;

1. A two slots arrayglata[bit] to hold information in transit, and it is pre-setnal, in-order

to ensure that a read before the first write will obtailh data value.

A control variabléatest which indicates the latest data written. It is pre-set to zero.

The write algorithm selects alternate slots for writing, and at the end of each write it indi-
cates the latest data.

4. The read algorithm always starts to read data from the last completely written slot.

w N

mechanism two-slot;
typebit=0..1;
var data : array[bit] of TypeData := (null, null);
latest : bit :=0;

procedure write(item : TypeData);
var wx : bit;
begin
wx = NOT latest;
data[wx] = item;
latest := wx;
end;

function read : TypeData;

var rx : bit;
begin
rx = latest;
read := data[rx];
end;
end.

Figure 5 The Two-slot algorithm (in Pascal like language)

The author will be using Place/Transition nets and Coloured Petri nets to model the
Two-slot mechanism. The properties established earlier would be preserved, so that the Petri
net model can reflect the mechanism behaviour under investigation. Each mechanism cycle
(reading and writing) would be modelled separately, in-order to reduce the complexity and
provide a simple model to present each cycle on its own. Combining both into a single diagram
is a trivial step. Also, when the author combines both cycles into a single Coloured Petri net
model, the folding power of Coloured Petri net will be demonstrated.

5.1 Place/Transition net model of the Two-slot Mechanism

Figure 6 shows the PT-net model of the read access algoStiam:Readings the
place which establishes the entry point of the read access function. The initial marking repre-
sents the initialisation values defined by the software design as indicated by Figure 5. The



transitionrx=latest is the first executable statement, &ehd=data[rx] is the second execu-

table statement. The pladesest=0 andlatest=1 represent the global control variable latest
having a value of 0 or 1. When a token is present at the lpliest=0 it will mean that, the

control variable latest is set to have a zero (0) bit value. Since all the properties set out earlier
are being encapsulated within this PT-net model, the model represents the same reading access
algorithm defined by the software design form of the Two-slot mechanism.

rx=latest Read-data[rx]

rx=0
latest=0 —| m :I_ data[0]
R
Start-Reading ( @ )

lastest=1 > d
ata[ 1]
—] S ——

rx=latest rx=1 Read-data[rx]

Figure 6 PT-net model for the reading cycle of the Two-slot mechanism

The model given in Figure 6 reveals how the mechanism keeps the reader process from jumping
to the other slot. The reader does not have the ability to switch over until the writer indicates
the presence of a new fresh data by changing the bit value of the control Vatigile This

control variable steers the reader to the latest completely written data.

Figure 7 shows the PT-net of the write access algorithm. The write access procedure
consists of an entry point and three executable statements. Th&adaed/riting marks the
entry point, and the transitiomgx=Not(latest) Write-data[wx], andLatest=wxrepresent the
three executable statements. The initial marking represents the initialisation values of the
mechanism software design. The mechanism uses the control viaiesieo point to the slot
containing the freshest data. Therefore, the PT-net model of the write access algorithm must
reflect the use of the control varialidgest(as stated in the previously defined properties list).
The transitionlatest=wx will exchange the bit value of this control variable from O to 1, by
removing the token from pladatest=0 and depositing it in placktest=1, and visa versa.
Since the PT-net model guarantees encapsulation of the previously defined properties, we can
claim that this is a correct model.

It can be seen in Figure 7 how the writer jumps between slots, regardless whether the reader is
accessing the slot or not. The writer does not have any knowledge of whether the data slot to
be used next, is free and is not used by the reader. Therefore, if the writer process is faster
than the reader process, a data coherence violation will arise. Simpson refers to this mecha-
nism as the swung buffer [1], since the writer process writes alternate data items to alternate
slots which are then swung into visibility (by the indication of ldtest control variable bit

value) for use by the reader.
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Figure 7 PT-net model for the writing cycle of the Two-slot mechanism

5.2 Coloured Petri net model of the Two-slot Mechanism

Coloured Petri net is a powerful net type, which can describe complex systems in a
manageable way. In the PT-net model, we had to represent the mechanism state based on the
control variable bit value, with two identical separate subnets. But now a more compact repre-
sentation can be achieved, by folding the two read access function subnets into a single subnet,
and the same can be done with the two subnets of the write access procedure. This is only a
one level folding, and we can see the reduction of complexity by using a high level net. The
original PT-net model (for both processes) consists of twelve (12) places and ten (10) transi-
tions, whereas the equivalent CP-net model consists of seven (7) places and five (5) transitions.

The folding power of Coloured Petri net is quite a temptation for the modeller to use in-order to
reduce the Petri net model size, but it can lead to complication in presentation of the analysis.
It is possible to fold the Petri net model further by two levels: first by combining both processes
(reader and writer) and second by combining the mechanism progression steps. If the described
folding is done, there will be a violation of the previously defined properties list which would
effect the clarity of presentation of the analysis. The author is aiming for a simple and precise
Petri net model, in-order to reveal all the information that can be obtained towards the under-
standing of the mechanism behaviour.
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Figure 8 CP-net model for the Two-slot mechanism with error detection

The CP-net, shown in Figure 8, resulting from the one level folding of the reader and
writer PT-net models, is the complete Coloured Petri net model of the Two-slot mechanism.
The property of reflecting the concurrent execution of both processes is preserved by setting the
Latestplace initial marking with two tokens (2°0), in-order to concurrently enable both transi-
tionsTrO (representsx=Ilatest) andTwO (representsvx=Not(latest)).

In this study, it is possible to identify locations in the CP-net model were metastability
can occur. In Figure 8, for example, the simultaneous firingn@andTr0 will result in me-
tastability. HoweverTw2 andTr0 can not fire at the same time because the CP-net execution
does not allow them since they are in conflict for the same enablingl&dken

5.3 Verification of the Two-slot Communication Mechanism

The Two-slot mechanism is not a fully asynchronous communication mechanism. The
author needs to detect error conditions which may take place. The only property violation this
mechanism may commit is that of data coherence, since data freshness is accounted for. Data
coherence error arises when both processes (writer and reader) try to access the same data slot.



Design/CPN is used to verify and prove the occurrence of violation of data coherence. An er-
ror detection facility must be added to satisfy the properties list defined earlier.

Figure 8 shows the proposed error detection facility. The CP-net model will halt its
execution, when the state of data coherence violation arises. There is no loading on the original
CP-net model, if it executes without violating the data integrity property. When a data coher-
ence violation takes place, then three transitidresror, Twl, Trl) will be in conflict by re-
quiring the same enabling token. The guapadX=rx] ) associated with th€error transition
makes sure that the occurrence of the error condition is the only way that will lead to enabling
the Terror transition. When the error condition is enabled, it will mean that the three transi-
tions (Terror, Twl, Trl) are enabled, and eith€error will fire or Twland orTrl will fire in
accordance with the Petri nets rule. But we are seeking a full occurrence graph (state space),
which means we are interested in the possibiliffjesfor to occur or not.

Since we now have the complete CP-net model with error detection, we can proceed with the
Design/CPN tool to generate the occurrence graph, which is the CP-net state space (some times
it is referred to as reachability tree) that could be presented graphically.

Statistics

Occurrence Graph
Nodes: 20
Arcs: 38
Secs: 0
Status: Full

Boundedness Properties

Best Upper Multi-set Bounds
NewData 1l  1'(d,0)+ 1°(d,1)

New'Latest 1 2°0+2'1
New'Error 1 1°(0,0) + 1'(1,1)
NewRstr 1 1'e

NewRx 1 1'o+1'1

New'SetL 1 10+ 1'1
New'Wx 1 1’0+ 1'1
New Wstr 1 1'e

Best Lower Multi-set Bounds
New'Data 1 1'(d,0) +1°(d,1)

New'Latest 1 empty
New'Error 1 empty
New'Rstr 1 empty
NewRx 1 empty

New'SetL 1 empty
New'Wx 1 empty
New'Wstr 1 empty

Liveness Properties

Dead Markings: [15,20]
Dead Transitions Instances: None

Figure 9 Design/CPN (partial) statistical report for the Two-slot



Figure 9 presents a partial statistical report generated by using Design/CPN to run the
CP-net model of the Two-slot mechanism. The occurrence graph generated is full and small in
size (20 nodes in total). Full state space of the CP-net model is required for verifying the
mechanism, in-order to identify all the possible states the mechanism can reach. Data coher-
ence error is reachable, by checking the liveness and boundedness properties of the CP-net
model. The liveness property indicates that the CP-net model can have two states of dead
markings, they are state number 15 and 20. These states (15 and 20) can be expanded by De-
sign/CPN to show the marking of all the places of the CP-net model. By using the best upper
multi-set bounds of the boundedness property, we can see that thEnptacean have an up-
per bound marking ol'(0,0)+1°(1,1) This means, data coherence condition is reachable
when both processes, the reader and writer, are either acadssi[@] or data[1], since we
have both cases wix=rx=0 andwx=rx=1. Because the occurrence graph is small in size, an
attempt is made to use Design/CPN to draw it (as seen in Figure 10).

19
1:2 " 22
20 15
New'Data 1: 1'(d,0)+1°(d,1) New'Data 1:1'(d,0)+1°(d,1)
New Latest 1: 2°0 New Latest 1: 2°1
New Error 1: 1°(1,1) New Error 1: 1'(0,0)
New Rstr 1: empty New Rstr 1: empty
New'Rx 1: empty New'Rx 1: empty
New' SetL 1: empty New'SetL 1: empty
New Wx 1: empty New Wx 1: empty
New Wstr 1: empty New Wstr 1: empty

Figure 10 Occurrence graph of the Two-slot mechanism with error detection

Data coherence error is violated by the writer process. When it executes faster than the reader,
it wants to write a new data record, at the same time, the reader did not finish or about to start
reading the old data record. This situation is highlighted by the token values of both violation
states (15 and 20), the value of the control varittéstis changed by the writer to have the

same value as the reader was using to enter its reading cycle. For example, let us investigate
the state number 20. The reader starts its cycle by accessing the control valitielst=lk

the write just finished writing its data record, and proceeds to exchange the bit value of the



control variabldatestto belatest=0 Then it will try to write a new data record, but the reader
is not through yet. This scenario can be see from the token value of thégilestoken of
2°0 meangatest=0) and the token value of the pldeeor (token of 1°(1,1) meangx=rx=1).

There is a good way to cross check the validity of the CP-net model proposed, by using
the boundedness property of CP-net. As stated previously in the properties list, the CP-net
model must reflect the software design. We can see that the upper multi-set bounds of all the
places can never exceed the maximum number of token limits. In other words, tHeafdate
can either hav2 0 or 2°1 and the plac®xcan either havé'0 or 1'1. Therefore, the CP-net is
precisely reflecting the control variables use.

Finally, we conclude that the Two-slot communication mechanism is conditional asynchronous,
the condition would be to assure the speed of accessing and utilising the data record by the
reader to be equal or faster than the writer. Let us say the time it takes the reader to access the
data record is Ressand to utilise it is Ruween (between access), and similar for the writer.

Also, we have the two functions to return the maximum and minimum time of these accessing
and utilising operations. Then the condition would be :

Min(Wacces} + Min(Wbetweea >= MaX(BCCeS} + MaX(R)etweea

6. The Four-slot Communication Mechanism

mechanism four-slot;
typebit =0..1;
var data : array[bit,bit] of TypeData := ( (null,null), (null,null) );
s : array[bit] of bit := (0, 0);
latest, r : bit :=0, 0;

procedure write(item : TypeData);
var wp, wWx : bit;
begin
wp =NOTr;
wx = NOT s[wp];
data[wp,wx] = item;

s[wp] = wx;
latest := wp;
end;

function reader : TypeData;
var rp, rX : bit;

begin
rp := latest;
r=1p;
rx = s[rpl;
read := data[rp,rx];
end;
end.

Figure 11 The Four-slot algorithm (in Pascal like language)



Figure 11 shows the Four-slot software design. The mechanism consists of four data
slots, control variables, and two access algorithms.
The Four-slot software design can be described as follows;

1. Afour slots arraylata[bit, bit] to hold data in transit, organised as two pairs of two slots.
It is pre-set taull, in-order to ensure that a read before the first write will obtaimule
value.
2. A control variable arrag[bit] of two elements. Updated by the writer to indicate the index
of the slot which contains the last written data, it is pre-set to zero.
A control variabldatestto indicate the last written slot pair, it is pre-set to zero.
A control variable to indicate the pair about to be, being, or last read. It is pre-set to zero.
Write access algorithm selects the pair of slots that are not being, or to be read. Then, it
selects alternate slots within the previously selected pair. Finally it declares the position of
the latest written data.
6. Read access algorithm selects the pair of slots that contain the freshest declared data, then it
reads the last written data within that pair.

ok w

The methodology will follow the same pattern already established, where the author
will be using Place/Transition nets, then Coloured Petri nets to model the Four-slot mechanism.
The properties established earlier would be preserved, in-order for the Petri net model to reflect
the mechanism behaviour under investigation. Each mechanism cycle (reading and writing)
will be modelled separately.

6.1 Place/Transition net model of the Four-slot Mechanism

The Place/Transition net model of the reading cycle of the Four-slot is presented in
Figure 12. The placBtart-Readingmarks its entry point, and the initial marking is based on
the initialisation values defined by the software design. You can see the equivalence between
the software design statement execution and the transition firing of the PT-net model.

This algorithm uses the control variald¢estto steer it towards the slot pair which holds the
freshest data. The use of the control varialidemore complicated, since the reader process is
responsible for updating its value. In-order to reflect this use as required by the previously de-
fined properties list, we need to set the correct bit value for damtrol variable. When the
placelatest=0 has a token, it implies that the control variable bit value is zero (0), and the
same goes with the place0. If the software design statementp executes (see Figure 11),

then the PT-net model must set the bit valuetofbe the same ap. This means, ifp=0 and

r=0 the bit value of does not change. On the other handp#0 and r=1 the bit value of

must be exchanged witkrO. This way the PT-net model is reflecting the use of the control
variables.

Figure 13 shows the PT-net model of the Four-slot write access algorithm, where the
placeStart-Writing sets the entry point. The mechanism use of the control variables is more
complicated here. The control armig used to point to the latest written slot within the corre-
sponding pairs. This measf0] points to the paidata[0,0] anddata[0,1], but the value of
s[0] points to the last slot used within those two pairs. The PT-net model is reflecting this use
by exchanging the value sf0]=0 ands[0]=1. The use of théatest control variable is re-
flected by either keeping it unchanged wiagrrlatest and exchanging it whemp<>latest

Therefore, all the properties defined previously are being encapsulated within these Petri net
models, which makes them correct models for the reader and writer processes.
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Figure 12 PT-net model for the reading cycle of the Four-slot mechanism

In Figure 12 the reading cycle steering strategy is as follows;

1. The writer steers the reader to the pair having the latest completely written data by means of
the control variabléatest The selected pair becomes the reader currently used pair.

2. The reader steers the writer away from the pair it is currently using, by means of the control
variabler.

3. The writer steers the reader to the slot within the reader currently used pair which has the
freshest data, by means of the control variapest].

4. The reader access the freshest data slot, and re-starts its reading cycle

The reader will keep reading the same slot (within the currently selected pair), until the writer
steers the reader to a pair having the new freshest data.
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Figure 13 PT-net model for the writing cycle of the Four-slot mechanism

In Figure 13 the writing cycle steering strategy is as follows;

1. The writer avoids the reader currently used pair and chooses the free pair.
2. The writer chooses the slot having the oldest data within the free pair to write its new data.
3. When the writer has completely written its data, it indicates the new freshest data location:
* The slot which holds the new freshest data (by the control varigtdésst]).
* The pair which holds the new freshest data (by the control vatébid).
Afterwards, the writer re-starts its writing cycle.



The Two-slot mechanism is a one way steering strategy (where the reader keeps chas-
ing the freshest data), but it can be seen from the previous description that the Four-slot
mechanism is a two way steering strategy. The writer steers the reader towards the freshest
slot, and the reader steers the writer away from the pair it is using. In other words, the reader
keeps chasing the freshest data and the writer keeps avoiding the pair used by the reader.
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color Bit = int with 0..1;

color E = with ¢; (d,wp,wx)

d,rp,rx

color D = with d; (d.rp.rx)

color S = index s with 0..1;

color B%t2 = product B%t * Bit.; TypeData

color Bit4 = product Bit2 * Bit2;

color TypeDeita = groduct*D .*.Bit * Bit; (d,0,0) + (d,0,1) +
color TypeS = product S * Bit; (d.1,0) + (d.1,1)

var latest,r : Bit;
var wp,wx, rp,rx : Bit;
fun Not(x:Bit) = (x + 1) mod 2;

Figure 14 CP-net model of the Four-slot mechanism with error detection



6.2 Coloured Petri net model of the Four-slot Mechanism

The Four-slot mechanism could be constructed directly from the software design, but
the author is trying to stress on the power of CP-net modelling and how it simplifies the result-
ing model into a manageable one. It also provides a good vehicle for verification.

The PT-net model has a big advantage in presenting the analysis, since it reveals all the hidden
information about the mechanism behaviour. The CP-net model does not clearly describe the
underlying steering strategy used by the mechanism. Therefore, both modelling techniques
(Place/Transition nets and Coloured Petri nets) have their own advantages.

There exist two levels of folding within each access algorithm. The first level is the outer sub-
net, and the second level is the inner subnet. Figure 14 presents the resulting CP-net model.

6.3 Verification of the Four-slot Communication Mechanism

As shown in Figure 14, the proposed error detection facility will halt the execution of
the CP-net model, when data coherence violation is committed.

Figure 15 shows the Design/CPN statistical report of the Four-slot mechanism. The occur-
rence graph generated is full, but unfortunately it is big in size (totals todei&s), so no at-

tempt will be made to draw it. Full state space is required to verify the mechanism data coher-
ence property. By checking both the liveness and boundedness properties of the CP-net model,
we can conclude that data coherence error can never occur. The liveness property indicates
that the CP-net has no dead marking, so data coherence error can never be reached. Also, the
best upper multi-set bounds of the boundedness property, shows that thErptackeas a
maximum marking value to bEmpty The dead transitions instances shows that the transition
Terror can never occur. All of these are proving that the data coherence property can never be
violated.

Finally, we conclude that the Four-slot communication mechanism is fully asynchronous, since
both processes, the reader and writer, do not have to wait for each other or to restrict their
timing to access and utilise the data in-order to maintain data integrity.



Statistics

Occurrence Graph
Nodes: 576
Arcs: 1152
Secs: 5
Status: Full

Boundedness Properties

Best Upper Multi-set Bounds

New'Data 1 1'(d,0,0) + 1'(d,0,1) + 1'(d,1,0) + 1'(d,1,1)
New'Error 1 empty

New'Latest 1 'o+1'1

New'R 1 1'0+1'1

New'Rp 1 1'0+1'1

New'Rstr 1 1'e

New'Rx 1 1°(0,0) + 1°(0,1) + 1'(1,0) + 1'(1,1)
New'S 1 2'(5(0),0) +2°(s(0),1) + 2°(s(1),0) + 2" (s(1),1)
New'SetL 1 1'o+1'1

New'SetR 1 1'0+1'1

New'SetS 1 1°(0,0) + 1°(0,1) + 1'(1,0) + 1'(1,1)
New'Wp 1 1'o+1'1

New' Wstr 1 1'e

New'Wx 1 1°(0,0) + 1°(0,H + 1'(1,0) + I'(1,1)

Best Lower Multi-set Bounds

New'Data 1 1'(d,0,0) + 1'(d,0,1) + 1'(d,1,0) + 1'(d,1,1)
New'Error 1 empty

New'Latest 1 empty

New'R 1 empty

New'Rp 1 empty
New'Rstr 1 empty
New'Rx 1 empty
New'S 1 empty

New'SetL 1 empty
New'SetR 1 empty
New'SetS 1 empty
New'Wp 1 empty
New'Wstr 1 empty
New'Wx 1 empty

Liveness Properties

Dead Markings: None
Dead Transitions Instances:

New'Terror 1

Figure 15 Design/CPN (partial) statistical report for the Four-slot

7. Conclusion

This paper presents a novel Petri nets modelling method for verifying the correctness of
interprocess communication mechanisms of the MASCOT Pool IDA. Also, the modelling
method provides a clear description of the mechanism behaviour. The Two-slot and Four-slot
communication mechanisms have been analysed and verified using Place/Transition nets, Col-
oured Petri nets, and Design/CPN. This presents a formal correctness verification of both the
Two-slot and Four-slot communication mechanisms used by the MASCOT Pool IDA.



The method developed can be used as a tool for analysis of real-time systems such as
MASCOT networks. Fundamental to the method is the definition of the properties which pro-
vide the basis for Petri nets modelling. Coloured Petri nets and the support of Design/CPN
make up a very powerful modelling and analysis tools. The Coloured Petri nets dynamic na-
ture can be used to follow the path of execution of a real-time system, without the cost and ef-
fort of building a test system. Future work will aim at establishing the properties of a simple
real-time system represented by a MASCOT network, and then utilising Coloured Petri nets
with the support of Design/CPN to analyse the system.
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