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TEAMWORK

There were four people named Everybody, Somebody, Anybody, and
Nobody. An important job had to be done, and Everybody was asked to
do it. Everybody was sure that Somebody would do it. Anybody could
have done it, but Nobody did it. Somebody got angry about that, because
it was Everybody's job. Everybody thought Anybody could do it, but
Nobody realized that Everybody couldn't do it. It ended up that
Everybody blamed Somebody when Nobody did what Anybody could have
done.



ABSTRACT

Designing complex digital systems (hardware) in a structured way is a
problem that can be solved by using the 'Top-Down' approach. This
approach starts with an informal (english) specification of the system.
The specification must then be transformed to a formal description. A
Pascal-like description language can be used for this. Basic
synchronization and communication statements are developed to describe
synchronization and communication in hardware for procedure calls,
mutual exclusion, etc.. Describing the system formally is a process with
stepwise refinement. his description process stops when all operations in
the system description can be realized in hardware. After describing the
system in all of its detail, the description has to be transformed to a set
of synchronized digital circuits. A general system architecture, which can
be used for transforming the system description to digital circuits, is
presented.

During all phases of the design process, verification and performance
analysis must be done to check if the system fulfills its specifications.
This can be done by simulating the system description at all levels, and
calculating the synchronization and communication behaviour if the system
con tains parallelism.
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INTRODUCTION

During the last decade the complexity of digital systems has increased
tremendously. This also goes for integrated circuits, due to the increasing
number of gates (transistors) which can be integrated on a chip. For this
reason the design of digital systems, or ICs, is becoming an increasing
problem. The existence of a structural design method will be necessary to
control over the design process. Today's trend is problem decomposition
at the several stages during the design process. During the specification
and description phase of the system one can decompose to different
functions of the system. This is called functional decomposition. At
implementation level there is decomposition to different parts of the
system. The structure of the system must be defined, so this is called
structural (de)composition. These two kinds of decomposition can result in
the same decomposition choices, but they don't have to. Although, the
functional decomposition always causes important consequences for the
final implementation.

Functional decomposition cannot be done by a Silicon Compiler, in these
days a very popular conception. The digital system design process must be
seen as a tree. The root of this tree is the system specification and there
are a lot of leaves which represent possible implementations of this
system. These implementations are all correct but there is only one
optimal design. This optimum depends on the criteria which are coupled
with the system specification. When a designer starts at the root, he has
to make decisions (on functional decomposition) at every node in the
tree. If he is able to evaluate the consequences of several possibilities, he
can choose the path that most likely leads to the optimal design. If the
designer can be guided through this 'design process tree' by very
powerful computer tools (consequence analyzers), then the system design
process can be made faster and lead to better designs. Silicon Compilers
can be used in the final step of the design process: transformation of
exactly defined hardware behaviours into digital circuits.

An interesting comparison can be made between the design of systems in
hardware and software. In fact, software is a special case of hardware.
When designing software, one (the designer and compiler) always has to
have the architecture of the computer system in mind, on which the
software has to be executed. Designing software is describing the
behaviour of a digital system (the computer system). Designing software is
designing a high level controller which controls low level controllers and
processing units (the computer system). Since a software implementation
is a special case of a hardware implementation, any digital system can be
realized both in software and in hardware. So the application fields of
hardware and software are equal. The only criteria for choosing between
hardware and software realizations of a particular system are the
costs/performance trade off (criterium for consumer) and the difference
in system development equipments (criterium for producer). Because of the



close relationship between hardware and software design, it would be very
in teresting to be able to use the large experience of software design
methods, like high level (concurrent) programming languages, for
designing hardware. Of course there is one big difference between
hardware and software implementations. The architecture of a computer
system is fixed, so in software design only functional decomposition has
to be dealt with. On the other hand for designing hardware there is no
architecture; there is nothing but the designer him/herself. The goal is to
design the architecture, so both functional and structural decomposition
has to be dealt with.

This report will handle the transformation of a digital system, described
in a high level concurrent programming language (Pascal like), to
elementary hardware building blocks. The problems of the algorithmic
description, definition of primitive operators, realization of high-level
operators, shared hardware, communication and synchronization,
architecture performances, etc. will be discussed.

To describe a design methodology it is necessary to analyze the general
properties (behaviour) of digital systems with respect to their
environment. This will be the subject of chapter l. In chapter 2 the
characteristics of high level programming languages and software
development methodologies will be described. This will be used to design
digital systems. A methodology to describe and implement digital systems
will be presented in chapter 3. Finally, in chapter 4, a concept of system
architectures will be discussed which can be used to implement high level
system descriptions.
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]. DIGITAL SYSTEMS IN THEIR ENVIRONMENT

To be able to present a structured methodology for designing digital
systems one first needs to know what digital systems are. The properties
and behaviour of a general digital system, considered as a black box,
must be analyzed.

A digital system always is a part of a larger system. It never operates
isolated, it always communicates with a particular environment. For
example, communication with human beings can be performed by using
keyboards and displays. In general, sensors and activators are the
interface between a digital system and its environment. This chapter will
describe the behaviour of digital systems with respect to its environment.

I.l. General digital system behaviour

A digital system can show two different kinds of behaviour with respect
to its environment.

I) The system performs particular tasks on request of its
environment. This kind of behaviour will be called the
slave behaviour of a system.

2) The system requests its environment to perform particular
tasks. This will be called the master behaviour of a
system.

In general a digital system shows both master and slave behaviour, so it
is involved in an interactive process with its environment. For example, a
human being can enter a command on the keyboard of a Personal
Computer to start the execution of a computer program. In this case the
human being is the master, and the Personal Computer shows slave
behaviour. During execution of this program, the Personal Computer might
ask the human being to insert a particular floppy disk in the disk drive.
Now the Personal Computer shows master behaviour and the human being
is the slave.

Another keyword in the behaviour of digital systems is task. As
mentioned before a system performs particular tasks. A task is a
compilation of different activities:

Receiving information from its environment.

Transmitting information to its environment.

Transforming information.
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Requesting its environment for performing particular tasks.

Waiting until its environment has performed particular tasks.

Only information transformation is an internal activity of the digital
system. The other four activities are interactions between the system and
its environment. It is clear that these activities have to be synchronized.
To continue the example of the Personal Computer and the human being;
when the human being has inserted the floppy disk then he or she has to
tell the Personal Computer that the task is fulfilled, for example by
pressing a key.

In figure I a schematic representation of a digital system is shown, in
relation to its environment.

SYSTEM ENVIRONMENT

task requests

synchrOniZo.tiOn
~ '1E-------7I

'"........,
'"

DIGITAL

SYSTEM
synchrOnizo. tlon

task requests

Figure 1. A digital system and its environment

1.2. Decomposition of digital systems

As described before in the introduction, a digital system can be a
composition of several subsystems as a result Qf functional and/or
structural decomposition. These subsystems are interconnected, they
communicate with each other, and they have to be synchronized. In fact,
a subsystem behaves exactly in the same way as a complete system, it is
just one level deeper in the hierarchy of a system and its environment. A
schematic representation of a subsystem in its environment looks exactly
the same as that of a complete system. It is shown in figure 2.
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DIGIT AL SYSTEM
(LOCAL)
synchrOniZo.tlon

task reqJests
synchrOniZQtiOO

task reqJests

ynchrorizo.tlon

osk requests
ynchroriZo. tion

o.sk requests

(GLOBAL)

Figure 2. A subsystem placed in its local and global
environment

1.3. Conclusion

A digital system can be considered as a black box. See for example figure
1. It is impossible to see how this system is realized. It can be a
software or hardware realization. For this reason it seems to be possible
to describe the behaviour of digital systems independent of their final
wa y of realization.

During the last decades there has been done much research to software
design. This has resulted in software design methodologies and high level
programming languages. It is interesting to apply this large experience in
describing digital systems, to be realized in hardware, by using high level
programming languages. This will be the subject of the following chapters.
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2. HIGH LEVEL PROGRAMMING LANGUAGES

As described in the introduction, the goal of this report is to develop a
method to transform a system, described in a high level programming
language, to elementary hardware building blocks. For this reason it is
necessary to analyze the general characteristics of high level programming
languages and software development methodologies. This will be the
subject of this chapter.

2.1. Programming language analyses

Most high level programming languages have equal basic characteristics.
These basic characteristics are important now. The details in which many
languages differ are not important in this context. For readability reasons
a Pascal-like notation will be used in this report.

As mentioned before, software is a special case of hardware. The
behaviour of a computer system depends on the software which is
executed on that system. During the last decades a lot of research has
been done to develop structural methods for developing software. High
level programming languages are part of the result of this work.

As an example of the application of high level programming languages,
consider the producer-consumer problem. A process, called the producer,
sends messages to another process, the consumer. The messages produced
but not yet consumed are stored in a buffer memory. There is a fixed
number of buffers: n. They are used in a circular way: a buffer which
contents have been consumed may be reused. Two procedures are provided
for producer and consumer processes, to place messages in the buffer or
withdraw them from it: produce and consume. Execution of these
procedures must be synchronized in such a way that messages produced
cannot be consumed more than once (the consumer cannot 'overtake' the
producer)., no messages can be lost through overloading a buffer
(producers cannot 'lap' consumers), and messages are consumed in the
order in which they are produced.

One possible solution to this problem is described in [RAYN]. The
variables used, which are global for the two processes, are:

nr buffer: array[O..n-l] of message;
in,out : O•.n-l;

in and out, initialized to 0, show the next free and next occupied
message in buffer respectively. Noting that the buffer is full (and
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therefore one cannot produce) when (in+l) mod n = out, and that it is
empty (so one cannot consume), when in = out, we obtain the following
proced ures:

procedure produce(m: message);
begin

repeat
(* just wait *)

until «in+ 1) mod n <> out);
buffer[in] := m;
in := (in+l) mod n;

end;

procedure consume(m: message);
begin

repeat
(* just wait *)

until (in <> out);
m := buffer[out];
out := (out+l) mod n;

end;

These procedures can be used by other processes, for example to
communicate with each other. In principle they can execute concurrently,
however, mutual exclusion for the global variables must be provided in
some way.

In this simple example all characteristics of high level programming
languages are embedded. These languages are built on four basic
principles:

1) information transformation statements (mod, addition).

2) flow-control statements (repeat .. until).

3) functional decomposition for describing processes by using
procedures and functions (produce, consume).

4) Synchronization and communication mechanisms of processes,
procedures and functions (mutual exclusion of buffer access).

These principles will be discussed in detail now.
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2.2. Information transformation statements

This type of statements can be used for logical and arithmetic operations
on variables. Examples are addition, subtraction, multiplication, sinus,
exclusive-or, shift-left, assignment. Note that assignment is a special
case: it only describes transportation of information. The available
operations are defined by the syntax of the programming language.

Some of the statements can b~ executed by the hardware in the computer
system. These statements are called primitive operations. However, a lot
of statements cannot be executed by this hardware. These are the high
level operations. Algorithms for these operations are required to
transform high level operations to primitive operations. These are built in
the high level programming language compiler.

It may be clear that the collection of primitive operators only depends on
the hardware on which the software has to execute. The language syntax
definition has nothing to do with this.

Example: In some microprocessors unsigned integer multiplication is a
primitive operator. Other microprocessors have to use an
algorithm for this kind of multiplication, for example repeated
addition:

function mult(a,b : integer) : integer;
var temp: integer;

begin
temp := 0;
while (b <> 0)

do
temp := temp + a;
b := b-l;

end;
mult := temp;

end;

Since a simple microprocessor has addition, subtraction and
assignment as primitive operations, this algorithm can be
executed by this microprocessor.

2.3. Flow control statements

Flow control statements are used to affect the program flow, depending
on the present value of variables. After evaluating particular conditions,
particular operations will be executed, executed repeatedly, or not
executed at all. Examples are:
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if <condition> then <statements> else <statements>

repeat <statements> until <condition>

while <condition> do <statements>

case <condition> of
<val 1>: <statements>
<val 2>: <statements>

<val n>: <statements>

2.4. Procedures and functions

There are several reasons for using procedures and functions in software.

1) Functional decomposition of a big problem into smaller
problems makes it easier to solve the problem and the solution
will be more understandable. Structured developed software is
important for testing, debugging and maintenance.

2) High level operations can be defined by using procedures and
functions. This is necessary when particular operations are not
provided by the syntax of the language. In this way the
programming language can be adapted to the software which
has to be developed. In this context, the word 'operation'
better can be interpreted as 'task', For example Disk I/O can
be a high level operation.

3) Introducing parallelism in software can increase the throughput,
or the execution speed. For being able to execute tasks in
parallel, it is necessary to develop a number of procedures
which can execute concurrently.

Since procedures and functions perform particular tasks, they behave in
the same way as processes or tasks, so they can be called so. The result
of introducing procedures and functions is a hierarchical structure in the
software. Consider for example a computer system en which a Data Link
Layer receiver protocol (layer 2 of the ISO OSI model) is programmed. So
the input of the computer system are received frames from the Physical
Layer (layer I of the ISO OSI model), coded in a particular way, and the
output are messages for the Network Layer (layer 3 of the ISO OSI
model). In figure 3 a schematic description of this system is given.
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fro.Mes froM phySiCo.l lo.yer

Do. -to. Link Loyer

Receiver

MeSSo.ges to network lQy~r

Figure 3. A Data Link Layer receiver system

When looking to the implementation of the system, one can distinguish
several procedures, for example one procedure for decoding the message,
and one procedure for buffering messages. This decomposition is shown in
figure 4.

frO-Mes frOM phySical lo.yer

MeSSo.ges to network lo.yer

Figure 4. The decomposed receiver system
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As a next step the implementation of the buffer procedure can be viewed
in more detail. It can for example be implemented by using the producer
and consumer procedures, as described before. Refer to figure 5 for the
schematic represen ta tion.

fraMes froM phYSiCo.l lo.yer

ao.to. link layer

receiver

MeSSo.ges -to network lo.yer

Figure 5. The detailed decomposed receiver system

Even more detail is shown when the operation mod is assumed to be a
high level operation. Then this operation is used by the two procedures
produce and consume. This is shown in figure 6.

fraMes froM physiCo.l layer

do.to. link layer

receiver

MPSSo.ge

IE------"J¥Ffer

to network Io.yer

Figure 6. The receiver in more detail
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This example shows that a system can be viewed at several levels. The
highest level only shows the I/O behaviour and a functional description
of the system. This level will be called the specification level of the
system. At every lower level more detail of the implementation is shown.
At the lowest level the complete software realization will be visible, so
tha t level is called the realization level.

Due to the use of procedures and functions (functional decomposition) a
hierarchical structure of systems can be defined.

2.5. Synchronization and communication

Processes have input and output of information, so they communicate with
each other. Communication has to be synchronized in some way to
guarantee a proper exchange of information. There are two basic methods
for communication between processes:

l) Parameters can be used to exchange information. The moment
of information exchange is during the call of the process, at
the beginning of the execution (input parameters are read by
the called process) and at the end (output is generated by the
called process) of the execution of the process. In the receiver
example of the previous section, the process mod for example
can be implemented this way. When for instance the producer
calls this process, then it has to pass the parameters (in+ I) and
n. After execution of the process mod, the result will be
passed to the producer.

2) Global variables can be used to exchange information. When
processes execute concurrently, these variables are called
shared variables. In the receiver example the circular buffer is
a shared variable, and so are the buffer pointers in and out.

Both methods of communication have to be synchronized, specially when
concurrent execution is allowed. Four reasons for synchronization can be
distinguished:

I) Mutual exclusion of shared variables. It must be prevented that
shared variables can be manipulated by more than one process
a t the same time since this can result in incorrect results.
Manipulation of shared variables must be done in non
interruptable so called critical sections. So other processes
which want to manipulate the same variable have to wait until
the critical section is completed. In the receiver example there
are some shared variables. Suppose there is one bufferpointer
for selecting a buffer location. This pointer can be manipulated
by the two processes consume and produce. It must be
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prevented that the following sequence of actions occurs (single
access of the buffer is assumed):

I) the consumer passes the value out to the buffer
pointer.

2) the producer passes the value in to the buffer
pointer.

3) the consumer reads the selected buffer location in
the message variable m.

4) the producer transfers its local message variable m
to the selected buffer location.

If this sequence of actions is executed, then the consumer
reads the wrong buffer location, since the producer had
redefined the buffer pointer. So in this example two critical
sections can be defined:

I) The consumer passes the value of out to the buffer
pointer and reads the addressed buffer location in
the local message variable m.

2) The producer passes the value of in to the buffer
pointer and transfers its local message variable m to
the addressed buffer location.

2) Synchronization of shared processes. Problems can occur when
more than one process wants to execute another particular
process. So mechanisms must be provided to solve this problem.
For example, processes can be implemented in such a way that
reentrance is allowed. Another solution is mutual exclusion of
processes, so only one process at a time can be served by a
shared process, and all others have to wait for their turn. In
the receiver example there is the shared process mod, which
can be called by both the producer and the consumer.

3) Communication between processes. Sometimes processes have to
wait for other processes, because they need information of
these processes. In the receiver example, when the consumer
process has been started and the buffer is empty, then the
consumer has to wait until the producer" has put a message in
the buffer.

4) To make sure tasks will be performed in a particular order.

A well known method of software synchronization of all four types is the
semaphore mechanism, as described in [RAYN].
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In this chapter the main characteristics of high level programming
languages have been analyzed. In the next chapter these characteristics
will be used to define a structured method to design hardware
corresponding to the software design methodology.
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3. DIGITAL SYSTEM DESIGN METHODOLOGY

Digital systems are very complex systems today. So there is a need for a
structured design methodology. The top-down approach, in which more
detail will be added at every next phase of the design process, is an
often applied methodology. Exactly the same problem occurred a few
decades ago when software became more complex. In that time there was
a need for a structured software design methodology. This has resulted in
high level programming languages and software engineering methodologies.
Using this software design methodology, and adapting it, a structured
hardware design methodology can be constructed.

For designing digital systems in a structured way, three important
subjects can be distinguished:

I) A system description language.

2) ~ system design methodology.

3) A system architecture.

As discussed before, high level programming languages can be used as a
hardware description language. For a structured transformation of a
system description to hardware, it is necessary to define some system
architecture requirements. In the next chapter a general system
architecture will be discussed which can be used to implement high level
system descriptions. This chapter will deal with the methodology of
structured system design, using high level programming languages.

The design of a digital system requires three phases. In the first phase
an informal (english) description must be developed to describe the system
requirements. These include both functional behaviour and communication
& synchronization requirements. In the second phase a formal description,
using a high level programming language, must be developed. Finally, in
the third phase, the formal description must be transformed into an
implementation. Economic requirements, which are important facts in all
three of the design phases, are beyond the scope of this (technical)
report.

3.1. Informal system specification

A digital system that has to be designed, must be described in some way.
Several characteristics must be written down.

15



1) Functional behaviour. The system has to perform one or more
tasks. These tasks have to be described (in english) in detail to
make the translation to the formal description as easy as
possible.

2) Communication and synchronization with the environment. In a
lot of cases, the environment of the new system already exists.
This means that the way of communication and synchronization
(the protocol) with this environment is (partly) fixed. This
protocol has to be specified.

3) Timing requirements. As a special but very important case of
2), the timing characteristics of a system can be mentioned. In
some cases the execution time for performing particular tasks,
or the throughput of (manipulated) information is bounded by
timing requirements. In other cases systems have to be
designed to operate just as fast as possible. These timing
requirements are important during the implementation and
realization phases of the design process. As a remark it can be
stated that systems which operate much faster than the
requirements ask for, are badly designed, since they are too
expensive to produce (expensive IC technology, large Silicon
surface, etc.).

These three kinds of characteristics form the base for the second and
third phase in the design process. Errors, ambiguities and incompleteness
in this phase always cause very big problems if they are discovered too
la teo Then a lot of redesign has to be done to correct the system
description and, in worst case, also the implementation.

3.2. Formal system description: functional decomposition

The purpose of a formal system description is to be able to transform
this description to a collection of coupled digital circuits which will be
the implementation of the digital system. At the end of the system
description phase there will be a number of tasks, written as procedures
and functions corresponding to software. In general these procedures
communicate with each other and they must be synchronized. During the
implementation phase every procedure and function will be transformed
into a digital circuit. For this reason it is very important that the system
description results in an acceptable number of procedures and functions.
This can be done during two phases.

1) First there is a functional decomposition which results in many
interacting procedures and functions. This is the same as in
software development, in which it is advisable to use many
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procedures and functions for developing software in a
structured way. Functional decomposition will be the subject of
this section.

2) Secondly there will be an additional phase only for hardware
development to reduce the number of procedures and functions
into an acceptable number. This is the structural
(de)composition. The result of this work is a number of
interacting procedures and functions (processes) that describe
the digital system.. All of these processes will be transformed
into digital circuits during the implementation phase. The next
section will deal with structural (de)composition.

So based on the informal description of the system characteristics,
functional decomposition has to be applied, resulting in distinguishing the
several tasks of the system. This section will deal with the functional
decomposition process. During functional decomposition two different
problems occur.

1) The formal behaviour description of tasks must be developed.

2) The communication and synchronization between tasks must be
described.

The behaviour description of a system has to describe the system
completely, including communication and synchronization between tasks.
This implies that everything is described by the behaviour description.
However, there are good reasons to make a separate description of the
communication and synchronization in the system.

1) When only a beha viour description in a high level programming
language is being developed, then the interactions of all
processes is not clearly visible. This is because all processes
are described separated, so the description of the interactions
is scattered. That is hard to read.

2) When tasks will perform concurrently, there is always the
danger of deadlocks. By describing the communication and
synchronization of processes separated, for example by using
Petri net theory [PETE], or the Calculus of Communicating
Systems CCS [KOOM], one can calculate the synchronization
and communication behaviour of coupled processes. In this way
one can calculate if there are deadlocks in the system. To
perform this calculation, only synchronization and
communication behaviour of the tasks must be known, so no
details of the internal actions are necessary.

3) By simulating only the synchronization and communication
behaviour, statistical analyses can be made about how
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frequently the tasks of a system will be performed. If one can
estimate the execution time of tasks, potential bottle necks in
the functional system description can be detected. During the
implementation phase these bottle necks can be avoided by
making a proper design. When no estimation of execution time
can be made, upper bounds in execution time can be defined in
such a way that no bottle necks appear. It is also possible to
detect possible starvation. In this way restrictions in execution
times of tasks and priority algorithms for task servicing can be
defined, without simulating the whole functional system
behaviour which may take much time. These restrictions will be
important in the implementation phase.

The development of the behaviour description and the communication and
synchronization of a system will now be discussed in more detail.

3.2.1. Behaviour descriotion

Separate behaviour descriptions of all tasks must be developed. These
descriptions can be made by applying the four basic principles as
described in chapter 2:

1) information transformation statements.

2) flow-control statements.

3) functional decomposition of tasks by using procedures and
functions.

4) synchronization and communication mechanisms.

The meaning of the fourth item will be discussed in detail later on.

The meaning of the third item is that functional decomposition is a
nested process. The design of a system by applying the Top-Down
approach is making a functional decomposition at all levels in the design
process. In this way more detail will be added to the system description
each step. The main question now is when to stop the functional
decomposition process, and when to stop adding more detail to the
formal system description. There can be two reasons for stopping the
decomposition process:

1) The procedure or function performs a very elementary task
which does not have to be decomposed. It can be implemented
easily in hardware. This criterium is ambiguous. The designer
has to use his knowledge and experience to decide when to
stop the decomposition process for this reason.
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Consider for example the multiply operation. One can decide to
see this operation as a primitive operation, or one can
decompose this operation and write down an algorithm for
multiplication. When choosing for writing an algorithm, there
will be less freedom during the system implementation phase.
This can be an advantage or a disadvantage, depending on the
particular design problem. In general flexibility at the start of
the implementation phase is a good way of designing.

Procedures and functions (compound operations) which will not
be decomposed functionally, due to this criterium, will be
implemented in combinatorial logic during the implementation
phase. This is so because sequential logic is always an
implementation of a (sequential) algorithm. For this reason
these operations will be called primitive operations. This is
comparable to primitive operations in software, which can be
executed by the hardware of a computer system.

2) The procedure or function will be performed by a (sub)system
which already exists.

Consider for example a system which uses a hard disk as
background memory. The designer may decide to use for
example the Intel 82062 Winchester Disk Controller. This means
that the functions, performed by the disk controller don't have
to be described in a detailed formal way. Functions, performed
by this controller chip, can be considered to be primitive
operat ions.

Since these procedures and functions are implemented in
general in sequential logic (an implementation of an algorithm),
these are high level operations, instead of primitive operations.
Due to this property there must be a synchronization
mechanism to use these operations.

This last remark typically describes the main difference between pnmItIve
(combinatorial) and high level (sequential) operations in hardware. To use
combinatorial logic only operators are required to perform the (primitive)
operation. The result automatically appears after a particular time (the
combinatorial delay) at the output of the combinatorial circuit. In
sequential circuits however, it is not known when the result of the
operation will be available after the beginning of execution of this
operation. So at least a 'ready' signal is necessary to indicate that the
result of the (high level) operation is available: This is a kind of
synchronization.

In this part of the functional decomposition all tasks have to be
described in detail. The manipulation of information can be described
easily by using the information transformation statements, the flow-
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control statements, and procedures and functions. This is just one part of
a task. The others are receiving and transmitting information, and
requests for task execution. For these parts a synchronization and
communication mechanism must be defined. This will be discussed in the
next section.

3.2.2. Synchronization and communication

There are three different kinds of interaction between processes, as
described in [RAYN]:

1) Competition
Several processes can make service requests on a resource (this
is in general another process which shows slave behaviour) that
can only serve one process at the time. Mutual exclusion on
that resource must be guaranteed by some control mechanism.

2) Cooperation by sharing
Processes can interact indirectly by using shared data. This
data can be manipulated by several processes, but there is no
explicit communication between those processes. The access to
shared data is allowed to one process at the time to guarantee
that the shared data remains coherent. So mutual exclusion on
shared data must be guaranteed by some control mechanism.

3) Cooperation by communication
Processes can exchange data explicitly. To perform
communication sources and destinations of data are necessary.
A mechanism has to control this process. Both sides must be
ready for the data transfer(s). They must wait for each other.

In chapter 2, four types of synchronization were presented.

1) mutual exclusion of shared variables. In [RAYN] this is called
cooperation by sharing.

2) synchronization of shared procedures. In [RAYN] this is called
competition.

3) communication between processes. In [RAYN] this is called
cooperation by communication.

4) performance of processes in a particular order. This is not
mentioned in [RAYN]. However, it is an important property of
concurrent processes.

In practice, these kinds of interaction will not be found separated.
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When a process requests service from a
(competition), then in general data will
(communication) after the request is granted.

shared process
be exchanged

Cooperation by sharing is in fact a mixture of competition and
communication. First a process has to request access to the
shared data (service request is competition) and then it will
read and or write the shared data (communication).

Another kind of process interaction is the procedure call. In software this
looks very simple. For example

multiply(operand_l, operand_2. result);

can be the call for executing the procedure (or process). named multiply.
Parameters are enclosed by parentheses. In this example the operands are
input. and the result is output of this procedure. What happens when such
a procedure call will be executed?

1) The variables operand_l and operand_2 will be transferred to
the procedure multiply. The calling process stops and waits for
the result.

2) The procedure multiply will be executed.

3) The variable result will be transferred to the calling process.

4) The calling process will resume execution.

In the final system description no procedure calls may be left since these
are not primitive operators. The procedure calls must be described in
detail. like the four steps in the previous example. However, there are
other ways. The calling process and the called procedure might execute
concurrently for example. In this case synchronization is needed to
transfer the result.

As mentioned at the beginning of section 3 of this chapter. the system
description (consisting of tasks, processes. procedures, functions) will be
transformed to a hardware implementation (digital circuits). For this
reason statements are needed in which all kinds of process interaction (as
mentioned before) can be described. These statements must be very
primitive so they can be transformed to hardware easily.

Since tasks can be performed concurrently. a method for describing
concurrency must be defined. In Concurrent Pascal the following notation
is used for this:
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cobegin
task I;
task 2:

This means that the tasks task to task n will be performed
concurrently. Unfortunately. this notation does not apply to describe all
possible kinds of interaction between processes. For this reason four
additional synchronization and communication statements will be
introduced now. These will be considered to be basic operations. This
means that these operations will be directly transformed into hardware.
Since interaction between processes is more than just (combinatorial)
logic. these operations are not primitive operations. but primitive
protocols. All higher level and more complex protocols can be built using
the next four basic operations.

The synchronization primitives are based on the principle of event
indication. This means that processes can cause the occurrence of
particular events to indicate that they want to interact in some way.
For example. a process that wants to print something. can indicate a
printer process that it requests service. On the other hand.
processes can wait until particular events have occurred before
execution can resume. To continue the example. the printer process
does not execute until some process has indicated that it requests
service.

I) signal (ev[ 1)•...•ev[n]);

Execution of this statement represents the occurrence of the
events ev[l).....ev[n]. So by executing one statement. a process
can cause the occurrence of several events at the same time.

Example: Suppose an application process has to print a
particular text. The text must also be stored on a
disk. For these purposes there are separate
processes. There is one process that can print text.
Another process can store text on a disk. The
applica tion process can indicate that it requests
service from both the printer process and the disk
access process by executing the statement:

signal(print_rqst. write_disk_rqst);

The event print_rqst is for indicating service request
from the printer process. The event write_disk_rqst
is for indicating service request from the disk access
process.
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2) wait(ev[1l] &..& ev[ln] I .. I ev[kl] &..& ev[km]);

ev[ij] represents an event which can occur in another process.
events, coupled by the & operator, form a combination of
events.
combinations of events are separated by the I operator.

Execution of the wait-statement causes the process to wait
until a particular combination of events occurs. If such a
combination has occurred, then the process will indicate that
the events are detected and execution will resume. If there
occur more combinations of events, then only one of these
combinations will be detected. A priority selection mechanism
will decide which combination will be chosen. The other events
will be remembered so they can be detected during the next
execution of a wait statement.

Example: Suppose there is one printer process that can serve
three application processes. These processes can
request service by executing the signal statement by
which resp. the events prt_rqst_l, prt_rqst_2, and
prt_rqst_3 will occur. If the printer process is idle,
then it is waiting for service requests by executing
the statement:

If there occurs more than one request at the same
time, only one will be granted. The others have to
wait until the first application process has been
served.

The communication statements will only describe the exchange of
data. The synchronization of the transmitting and receIvmg
processes can be described by using the send and wait statements.
The reason for choosing this method is that there are many methods
in which communication can be synchronized. All these
synchronization methods can be described by using the wait and
signal statements. Then the communication statements only have to
describe the exchange of data.

3) send(proc_id[ I ],..,proc_id[n],da ta);

The transmitting process executes the send statement. This
means transmitting the data to the receiving processes. The
receiving processes are named proc_id[l] to proc_id[n].
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4) receil'e(proc_id,data);

The receiving process executes the receive statement. This
means receiving the data from the transmitting process. The
transmitting process is named proc_id.

Examples: Processes can communicate synchronous by first
synchronize with each other, and then exchange data
directly to each other. This method requires that both
processes wait for each other.

Processes can communicate asynchronous by using a
buffer. The transmitting process first has to synchronize
with the buffer, which is described as a process. Then the
process can transmit data to the buffer. On the other side
the receiving process first will have to synchronize with
the buffer, before data from the buffer can be received.
In this case the transmitting process does not have to
wait until the receiving process is ready to accept data.

Both synchronous and asynchronous communication can be
described by using the four previously defined
synchronization and communication primitives.

Note that the send and receive statements, which cooperate by using
process identifiers, are always executed simultaneously.

For the reasons, mentioned at the beginning of this section (no details,
keeping clear overview in communication & synchronization, deadlock and
statistical analyses) a separated description of the communication and
synchronization behaviour of a digital system will be developed. This can
be done by looking only at the four synchronization and communication
statements. However, for a better overview a graphical representation of
the four statements walt, signal, send and receh'e will be introduced now
to describe the synchronization and communication behaviour of coupled
tasks. This method uses Petri Nets. First some definitions of Petri net
theory will be presented. Secondl y an in terpretation of Petri nets will be
defined when used in digital system description.

3.2.2.1. Petri Net Theory

Petri nets are a tool to study systems. Petri net theory allows a system
to be modeled by a mathematical representation of the system. Analysis
of the Petri net can reveal important information about the structure and
dynamic behaviour of the modeled system. This information can then be
used to evaluate the modeled system and suggest improvements or
changes.
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In this section formal definitions for the basic Petri net concepts are
presented briefly. For more detail refer to [PETE].

Petri net structure:

A Petri net is composed of four parts: a set of places, a set of
transitions, an input function, and an output function. The input and
output functions relate transitions and places. The input function is a
mapping from a transition to a collection of places. The output function
maps a transition to a collection of places. The structure of a Petri net
is defined by its places, transitions, input function, and output function.
Although there is a mathematical representation of Petri nets, only the
graphical representation will be presented in this section.

Petri net graph:

A Petri net graph is a representation of a Petri net structure as a
bipartite directed multigraph. A Petri net structure consists of places and
transitions. Corresponding to these, a Petri net graph has two types of
nodes. A circle represents a place, and a bar represents a transition.
Directed arcs (arrows) connect the places and the transitions, with some
arcs directed from the places to the transitions and other arcs directed
from transitions to places. An arc directed from a place to a transition
defines the place to be an input of the transition. Multiple inputs to a
transition are indicated by multiple arcs from the input places to the
transition. An output place is indicated by an arc from the transition to
the place. Again, multiple outputs are represented by multiple arcs. In
figure 7 an example of a Petri net graph is given.

p2

places:
transitions:
inputs pI:
inputs p2:
inputs p3:
inputs p4:
inputs p5:

pI, p2, p3, p4, p5
tI, t2, t3, t4
none outputs pI:
tl, t4 outputs p2:
tl, t4 outputs p3:
t3 outputs p4:
tl, t2 outputs p5:

11
t2
t2, t3
t4
t2

Figure 7. Example of Petri net graph
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Petri net markings:

A marking is an assignment of tokens to the places of a Petri net. A
token is a primitive concept for Petri nets (like places and transitions).
Tokens are assigned to, and can be thought to reside in, the places of a
Petri net. The number and positions of tokens may change during the
execution of a Petri net.

On a Petri net graph, tokens are represented by dots in the circles which
represent the places of a Petri net. Figure 8 shows an example of a
marked Petri net. The Petri net structure is the same as figure 7.

Marking: pI contains I token
p2 contains 2 tokens
p3 contains 0 tokens
p4 contains 0 tokens
p5 contains I token

Figure 8. Example of a marked Petri net graph

Execution of a Petri net:

The execution of a Petri net is controlled by the number and distribution
of tokens in the Petri net. Tokens reside in the places and control the
execution of the transitions of the net. A Petri net executes by firing
transitions. A transition fires by removing tokens from its input places
and creating new tokens which are distributed to its output places.

A transition may fire if it is enabled. A transition is enabled if each of
its input places has at least as many tokens in it as arcs from the place
to the transition. Multiple tokens are needed for multiple input arcs. The
tokens in the input places which enable a transition are its enabling
tokens.

A transition fires by removing all of its enabling tokens from its input
places and then depositing into each of its output places one token for
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each arc from the transition to the place. Multiple tokens are produced
for multiple output arcs. Firing a transition will in general change the
marking of a Petri net. In figures 9, 10 and 11 an illustration of the
execution of a Petri net is given.

Figure 9. A marked Petri net to illustrate the firing rules. Only
transitions tl is enabled.

Figure 10. The marking resulting from firing transition t 1 in
figure 9. Now transition t2 is enabled.
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P:s

Figure II. The marking resulting from firing transition t2 in
figure 10.

Multiple enabled transitions may fire concurrently if these are not in
conflict. Enabled transItIOns are in conflict if firing of one of these
transitions removes the enabling token of another enabled transition
which results in disabling this transition. An example of a conflict is
given in figure 12.

Figure 12. Conflict. Transitions t j and tk are in conflict since
firing either will remove the token from Pi' disabling
the other transition.

So far only theoretical properties of the Petri net theory are given. In
the next section the interpretation of Petri nets in relation to digital
systems will be discussed. Two remarks can be made to end this section.
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1)

2)

3.2.2.2.

A very important advantage of using Petri nets to describe
communication and synchronization is the illustrative power of
the graphical representation of Petri nets.

A disadvantage of Petri net theory is the mathematical
weakness, compared to Milners Calculus of Communicating
Systems (CCS). However, it is possible to translate Petri net
structures into CCS, which makes it possible to calculate the
dynamic behaviour of the modeled system. For example,
deadlocks can be detected this way. The translation of Petri
net structures into CCS is beyond the scope of this report and
will not be discussed in detail.

Interpretation of Petri net graphs

In this section the modeling of the communication and synchronization
behaviour of digital systems will be discussed. As mentioned before, Petri
nets will be used to describe this. The Question now is: how to interpret
places, transitions, and arcs: how to model processes. This Question will
be answered now.

The description of a digital system contains interacting processes. The
synchronization and communication behaviour of these processes depends
on when synchronization and communication primitives will execute,
resulting in the occurrence and detection of events. Internal actions
inside the processes are not important.

In the Petri Net representation of a digital system, two kinds of places
can be distinguished:

1) Places that represent internal actions inside processes, which
are not important to know in detail.

2) Places that represent events, which can occur and be detected
by the execution of the wait and signal statements.

Transitions in a Petri Net represent the synchronization statements wait
and signal. The representation of the communication primitives send and
wait is joined with the synchronization primitives.. This is because these
primitives do not describe synchronization, but only data exchange.

Two categories of tokens can be distinguished:

1) Tokens in places that represent internal actions indicate which
part of a process is in execution.
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2) Tokens in places that represent events indicate that an event
has ocurred.

The arcs between places and transitions indicate two things:

I) The order in which internal actions and synchronization and
communication statements in processes will be executed.

2) the events by which processes interact.

The four previously defined synchronization and communication primitives
can be represented in Petri Nets as follows.

1) The graphical representation of the statement

signal(ev[ I],..,ev[n]);

in a Petri Net is shown in figure 13.

ev[l]

Figure 13. Petri net graph representation of the signal
statement

Figure 13 shows the two kinds of places. The places labeled
ev[l] to ev[n] represent the corresponding events (the
parameters of the signal statement). The places Pj and Pj
represent internal actions of the process. When place Pj is
marked with a token, then the process performs internal
actions; the signal statement has not been executed yet. When
place Pj contains a token, then the signal statement is
executed. The transition t j has fired, so the places ev[l] to
ev[n] contain a token. This represents the occurrence of the
events ev[l] to ev[n].
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2) The graphical representation of the statement

wait(ev[II]&ev[l2]&..&ev[ln] I ... I ev[kl]&..&ev[km]);

in a Petri Net is shown in figure 14.

Figure 14. Petri net graph representation of the wait
statement

The places labeled ev[ll] to ev[km] represent the corresponding
events (the parameters of the wait statement). The places Pi
and Pj represent internal actions of the process. Figure 14
shows separated transitions for all possible combinations of
events. When place Pi is marked with a token, then the task
performs internal actions, or is waiting for the enabling of one
of the transitions til to tik. When place Pj contains a token,
then the execution of the wait statement is completed. One of
the transitions til to t ik has fired. This means the
corresponding combination of events has been detected.

3) The representation of the send and receive statements in a
Petri Net.

Since these two statements are coupled and executed
simultaneously, the graphical representation will be combined in
one picture.

As mentioned before, the send and receive statements do not
synchronize the sender and the receiver. The statements signal
and wait will be used for synchronizing the communicating
processes. Suppose the processes proc_i and proc_J have to
communicate. An example of a communication protocol in a
high level programming language:
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PROCESS proc_i; {transmitting process}
begin

{internal actions}
signal(trx_rdy); {ready for transmitting}
{internal actions}
wait(rec_rdy); {wait for receiver ready}
send(proc--i,data); {send data to proc--i}
{internal actions}

end.

PROCESS proc--i; {receiving process}
begin

{internal actions}
signal(rec_rdy); {ready for receiving}
{internal actions}
wait(trx_rdy); {wait for transmitter ready}
receive(proc_i,data); {receive data from proc_i}
{internal actions}

end.

The Petri net graph representation of these processes is shown
in figure 15.

I" PRDc_I l
I I
I I
I I
I L----.r-----.

I
I
I
I
I I
L J

I" PROC_J l
I I
I I
I I

r----,-----' I

I
I
I
I

I I
L J

Figure 15.

Remarks:

Petri net graph representation of the send and
receive protocol

The places labeled trx_rdy and rec_rdy represent the
corresponding events that are used for synchronization.
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The send and receive statements must execute
simultaneously to guarantee a proper exchange of data.
For this reason the statements

wait(rec_rdy);
send(proc--i,da ta);

of proc_i, and the statements

wait(trx_rdy);
receive(proc_i,data);

of proc--i are represented by only one transition in the
Petri Net. This transition is part of both the transmitting
and receiving process. When this transition fires, the data
will be exchanged.

Once the communicating processes are synchronized, as
many data can be exchanged as will be necessary.

To conclude this section, about the functional decomposition of a digital
system into interacting processes, some examples will be discussed to
show the ideas of the presented method.

3.2.3. Examples

A lot of literature is available on developing algorithms (sequences of
information transformation statements and flow-control statements). For
this reason no attention will be paid to the behaviour description of
systems. The examples will only deal with communication and
synchronization. This includes the mechanism of procedure and function
calls.

The last three examples will deal with the different kinds of process
interactions as mentioned in section 3.2 of this chapter. The first example
explains how to model conditional interactions between processes.

3.2.3.1. Conditional synchronization

Communication and synchronization behaviour can depend on particular
conditions. Since these conditions usually come from local information in
the process, these are not visible for an observer outside off the process.
So for this observer the process shows non-deterministic behaviour. This
can be modeled with Petri nets.
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Suppose the following very simple process in a high level programming
language.

PROCESS proc;
begin

{internal actions}
if condition

then wait(event);
{internal actions}

end.

This process can be modeled by a Petri net graph as shown in figure 16.

event

Figure 16.

Remarks:

An example of a conditional synchronization action.

When the process starts (for example by a system reset) p I contains
a token.

When the process ends p2 con tains a token.

When condition is false tl will fire.

When condition is true t2 will fire if it is enabled by a token in the
place labeled event.

3.2.3.2. Competition

As mentioned before, resources (processes) can be shared by several other
processes. Mutual exclusion of such a resource must be guaranteed.

Consider two processes proc_l and proc_2. These processes can both call
a shared process proc_s. This process is not reentrant, so mutual
exclusion of executing this process must be guaranteed. In a high level
programming language the process descriptions are given below.
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PROCESS proc_l;
begin

{internal actions}
signal(call_l); (service request of proc_s)
wait(grnt_l); {wait for proc_s ready for service}
send(proc_s,operands); {pass operands to proc_s}
{internal actions}
signal(res_I); {request for receiving results from proc_s}
walt(rdy_l); (wait until proc_s has ended)
recehe(proc_s,result); {receive result from proc_s}
{internal actions}

end.

PROCESS proc_2;
begin

{internal actions}
signal(call~); (service request of proc_s)
walt(grnt_2); (wait for proc_s ready for service)
send(proc_s,operands); (pass operands to proc_s)
(internal actions)
slgnal(res_2); (request for receiving results from proc_s)
wait(rdy_2); (wait until proc_s has ended)
recehe(proc_s,result); {receive result from proc_s}
{internal actions}

end.

PROCESS proc_s;
begin

repeat
wait(call_I I call_2);
(example priority resolver: )
if call 1 then reQ_proc:= proc_l;

grant:= grnt_I;
ready:= rdy_1;
res_rQst:= res_I;

else reQ_proc:= proc_ 2;
grant:= grnt_2;
ready:= rdy_2;
res_rQst:= res_2;

slgnal(grant);
receive(req_proc,operands);
{internal actions: manipulation of operands}
signal(ready);
wait(res_rQst);
send(reQ_proc,result);

until forever;
end.
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These processes can be modeled by a Petri net graph as shown in figure
17.

IPROC.Jl
pl1

Figure l7.

Remarks:

PROC S

An example of calling a shared process.

fPROC_2\
I p21 I

t21 I

I
I
I

The priority resolver of proc_s is modeled by place pst. For an
observer outside off proc_s this is non-determinism.

The internal actions of proc_s are modeled by place ps2.

The places ps3 to ps8 indicate for which process (proc_l or proc_2)
the process proc_s is executing. This must be remembered for
sending back the result to the right process. These places also
indicate where the momentary execution of process proc_s is. This is
for readability reasons only. For example place ps3 is redundant. It
models the same behaviour as place p1s2.

The places pU, p13, and pIS represent the internal actions as
described in the high level programming language of process proc_l.
The places p12 and pl4 indicate where the momentary execution of
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process proc_l is. This is for readability reasons only. These places
are redundant unless process proc_l has internal actions at this
point, which is not the case in this example. The same holds for
process proc_2 of course.

The places labeled call_I, call_2,
res_I, and res 2 represent the
description.

grnt 1, grnt_2, rdy_l, rdy_2,
events, used in the system

3.2.3.3. Cooperation by sharing

Processes can interact indirectly by using shared variables. The
implementation of shared variables, including the controller to guarantee
mutual exclusion on handling these variables, result in a shared process.
This process is shared by all processes which use these variables. The
process exchanges the shared variables with other processes by executing
the send and receive statements. An example of shared variables would
result in the same structure as the example in the previous section, so it
will not repeated in this section.

3.2.3.4. Cooperation by communication

The third kind of interaction is explicit communication. The Petri net
graph which models communication is already discussed in section 3.2.2 of
this chapter in which the send and receive statements were modeled by
Petri net graphs.

3.3. Formal system description: structural (de)composition

The result of the first part of the formal system description (functional
decomposition) is a description of interacting processes. The description
of these processes contains only primitive operations, flow control
statements, and communication and synchronization statements. In addition
there can be processes that will be realized by using existing (sub)systems
(for example IC's that are commercially available). These processes are
not described in detail, except for the synchronization and communication
behaviour.

Finally, if a hardware implementation is desired, the system description
must be transformed into a set of interacting digital circuits. Before
implementing the system in hardware, two kinds of problems have to be
solved.
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1) Processes can be implemented in several ways. For example, a
process can be implemented more than once, to avoid bottle
necks if the process is shared. The system description does not
define how the processes will be implemented. The designer has
to decide this.

2) The system description only described which processes
communicate and what data will be exchanged. The description
does not define how the data will be exchanged physicaJIy. For
example, data transport can be realized by using one or more
busses. The designer must decide how the data transport will
be realized on hardware level.

When these problems are solved, the system description can be
transformed into hardware. This section will discuss briefly how these
problems can be solved. It is the second phase in the formal system
description process: the structural (de)composition.

3.3.1. Implementa tion of processes

In general processes can be implemented in hardware in two ways.

1) A process can be implemented by transforming the process
description into a digital circuit.

2) A process description can be substituted, as a macro, in the
description of the calling process, if there is one.

These two ways of implementing processes will be discussed now more
detailed.

3.3.1.1. Digital circuit implementation

A process description can be transformed into a digital circuit (hardware).
An advantage of this way is that the parallelism of the system description
will also be in the final realization, since the process can execute
independently of other processes. A disadvantage is that every process
that will be implemented by a digital circuit costs money.

If a particular process can be called by several other processes, then the
designer has to think about how many times this shared process must be
realized by digital circuits. The minimum is one, in which case a bottle
neck for using this process can occur. The maximum is the number of
calls for this process. In this case no bottle necks can occur. The optimal
number of process realizations is hard to define. If (statistical) analysis

38



have been made which forecast the frequency and time density of the use
of the process, then these data can be used to define the number of
realizations of it. After defining the number of realizations, the next
question is how to define an access mechanism for the usage of the
process. Two basic principle can be applied.

1) Every realization of the shared process will be shared by a
static subset of calling processes. For this solution no
additional overhead is required to control the access of the
procedure. A disadvantage is that bottle necks still can occur,
although other realizations might be idle at that time. This
principle is shown in figure 18.

1/ sync. &e COMM,

PROCESS_l I'

1 '\.
/ reo.liZo. tion_l

. of
'\ procedure

I

/

1/PROCESS_I I' sync. &. COMM,

/
sync. &. CO 1"'1 r"l,

PROC_I+l "
I '\

/ reo.lizo. tion_2
of

'\ procedure

I

/

PRDCESS_J
1/
I' sync. &. COMM.

.

/
sync. &. COMM, -

PRDCESS_n "
1 "/ reo.lizo. tion_n

of
'\ procedure

I
. /

/
PROCESS-M '\

&esync. COMM,

Figure 18. Multiple process realization, shared by a static
pool of calling processes
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2) A controller can be developed which controls the access to the
shared process realizations dynamically. This controller contains
an allocation algorithm, including the routing of the data to
and from the shared process realizations. The disadvantage of
this solution is that extra overhead (hardware) is required, but
the chance of bottle necks is smaller. Figure 19 shows this
principle.
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Figure 19. Dynamic allocation of a procedure

3.3.1.2. Macro implementa tion

A process description can be seen as a macro, so the call for it can be
substituted by the process description itself. Of course, at the highest
level in the system hierarchy, processes execute autonomous. So at that
level there are no calling processes to substi tu te the description.
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The advantage of this principle is that no communication and
synchronization actions have to be performed. Bottle necks cannot occur
since the process description will be inserted in all calling processes.
Depending on the number of calling processes, it can take more or less
additional hardware (compared to the previously described principle) when
this principle will be applied. A disadvantage of this principle is that the
calling and called process cannot execute concurrently, since they are
implemented in the same (sequential) circuit. So this kind of realization
will execute slower.

3.3.2. Data transport between PrOcesses

Two principles can be applied to implement physical connections for data
transport between processes.

1) For all communication between processes private connections
can be made. This means that if processes want to
communicate, then there is always a physical connection
available. This connection will be used for the exchange of
data between the communicating processes. Figure 20 shows an
example of this principle, in which process 1 can communicate
with the processes 2, 3 and 4; process 2 can communicate with
the processes I and 4; process 3 can only communicate with
process I; process 4 can communicate with the processes I and
2.
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Figure 20. Private connections for all communication
actions
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2) Shared data interconnection between processes can be defined.
This is called a bus system. The most extreme case of this
principle is only one bus to perform all communication of the
entire system. This is shown in figure 21.
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Figure 21. Communication by using a bus system

Of course it is possible to define more than one bus to
increase the data transfer capacity of the system.

A bus system needs a control mechanism to guarantee mutual
exclusion for usage of the bus. This con!rol mechanism can be
described as a shared process in a high level programming
language.

An advantage of a bus system, compared to private connections, is a
significant lower number of connections between processes. Specially in
integrated circuits this is very important since connections need a large
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surface on the chip, which costs money. A disadvantage is that a bus can
be a bottle neck, since it is a shared process. So the execution speed of
the system can be slower this way.

3.4. Conclusion

Functional and structural decomposition leads to a formal description of a
digital system. This description has several properties.

The system is described by a number of interacting processes. Every
process description will be transformed into a digital circuit.

The information transformation statements which are used in the
system description are all primitive operations. These operations will
be realized in combinatorial logic.

system
and

be

Besides the information transformation statements the
description contains flow-control, and communication
synchronization statements. These statements will also
transformed to digital logic.

A general system architecture, in which the system description can be
transformed, will be the subject of the final chapter. There will be
discussed how the primi tive opera tors, the flow control sta temen ts, and
the synchronization and communication statements can be realized in
hardware.
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4. A GENERAL SYSTEM ARCHITECTURE

The previous chapter stated that all processes, of which the system
description consist, will be realized by interacting digital circuits. In this
chapter a general system architecture will be described to implement a
digital system in hardware. This means the transformation of the system
description into (coupled) state machines.

4.1. System architecture decomoosition

To be able to transform systematically a system description into
hardware, it is necessary to (de)compose this hardware in the same way
as the description is (de)composed. Analyzing the system description,
three parts can be distinguished.

I) Processes. As a result of the functional and structural
decomposition, the system description consists of separate
interacting processes. For each process a state machine will be
designed.

2) Event management. The synchronization of processes is
described by applying an event mechanism. This mechanism
operates 'between' the processes (events do not belong to one
process). So in hardware this mechanism will also be
implemented separated from the processes.

3) Data interconnection. Communicating processes require data
interconnection between these processes. Recalling the previous
chapter, this interconnection can be realized by applying one of
two principles. First, simple interconnection can be used for
interconnecting processes. This is just wiring. Secondly, a bus
system can be applied. This can be described as a shared
process. In this case a state machine must be designed.

The general system architecture can now be defined as a result of this
system decomposition. Figure 22 shows this architecture.
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Figure 22. General system architecture

Note that all blocks in this architecture represent state machines, except
for the data interconnection. This might be only interconnection. In that
case no connections exist with the event management.

All state machines will be of the synchronous type, and all storage
elements will be clocked by the same clock signal. Note that no clock
signal has been defined so far in the behaviour description of a digital
system.

The following sections will deal with the implementation of processes and
event management. The data interconnection will not be discussed
separated, since it is simply wiring, or a shared process.

4.2. Process implementation

The state machine that will be used to implement one process is
decomposed into two parts:

1) the processing unit. This state machine contains memory
elements to store the value of all process variables. It also
contains the combinatorial logic that realizes the primitive
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information transformation operations. Connections with other
processing units via the data interconnection (refer to figure
22) may be used for communication.

2) the control unit. This state machine contains the algorithm that
has to be executed. Control signals going to the processing unit
will be generated to perform the operations of the algorithm.
Status signals from the processing unit are available to
evaluate conditions, which affect the program flow. Connections
to other control units via the ennt manager (refer to figure
22) are used to realize the synchronization of processes.

This principle of process decomposition is described in [DAVI]. In figure
23 the brief outlines of the system architecture of one process is shown.
In the following sections the processing and control unit will be described
more in detail.
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Figure 23. General process architecture

4.2.1. The processing unit

As mentioned before, the processing unit consists of several parts.
Storage elements will be used to store the process variables.
Combinatorial logic performs the primitive operations and generates status
signals. These are used in the control unit for the programs flow control.

The different parts of the processing unit will be discussed now more In

detail.
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4.2.1.1. Storage elements

The storage elements, or registers, are of the synchronous type. Each
memory element has four connections, as shown in figure 24.

CLOCK

DATA IN DATA OUT

Figure 24.

LOAD

Representation of a storage element

Data in: This is the data that can be stored into the register.

Data out: This is the data that is presently stored in the register.

Load:

Clock:

4.2.1.2.

This signal controls the register. If this signal is active then
the data in will be clocked in the register. If this signal is not
active then the content of the register will not be changed
when clocked. The load signal comes from the control unit that
is connected to the processing unit to which this register
belongs.

This is the synchronous clock signal that is connected to all
storage elements in the digital system. It is not interesting at
this moment what type of clocking is used. The clock signal
can be a single signal, to be used by edge triggered flip-flops.
It can also be a two phase, non overlapping clock signal, used
for clocking Master-Slave latches.

Primitive operations and status

Combinatorial logic must implement the primitive operations, and generate
the status signals, that are used as conditions in the process description.
These elements will be called computational elements. In figure 25 the
general outline of such an element is shown.
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Figure 25. General outline of a computational element

Data in: Input of the computational element is a number of operands on
which a particular operation must be performed. The number of
operands depends on the definition of the primitive operators.

Data out: Output of the computational element is a number of results of
a particular operation. The number of results depends on the
definition of the primitive operators.

Control: It is usual to implement one or more primItIve operations into
one computational element. The reason for this is simply the
fact that a process description consists of operations that will
be performed sequentially. In that case one needs only one
computational element at the time. Although, there may be
more computational elements if the process description contains
simultaneous performance of operations. If more than one
operation is implemented in the computational element, then a
control signal must indicate which operation must be performed.
This signal is generated by the corresponding control unit.

Status: Flow control statements are based on the evaluation of
particular conditions. These conditions, or status signals, are
boolean (true or false) and depend on the result of primitive
operations. They are outputs of the computational element.
Some examples of status signals (A and B are values in storage
elements):

A + B > 10
A<B
B=O

A special kind of operational element is the interconnection element.
These elements are used to control the data flow in a processing unit, to
perform the assignment statement, and to route the variables between
storage elements and computational elements. The interconnection
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elements are in general multiplexers and busses, controlled by tri-state
gates. The control signals for the multiplexers and tri-state gates are
genera ted by the corresponding control unit.

4.2.1.3. Sta te machine represen ta tion

When a processing unit is considered as an ordinary state machine, it can
be represented by combinatorial next-state and output decoders, and
memory elements that contain the present state. This is shown in figure
26.
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State machine representation of a processing unit

The signal names in this figure have the following meaning.

z: The control signals which are generated by
and control the registers, computational
in terconnection elements will be considered
named Z.

the control-unit
elements, and

to be a vector,

X: The status signals that are outputs of computational elements,
will be considered to be a vector, named X.

m: Data Input of the processing unit. The data comes, via the data
interconnection, from other processes or from the system
environment (refer to figure 22).

DO: Data output of the processing unit. The data goes, via the data
interconnection, to other processes or to the system
environment (refer to figure 22).
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Like any other state machine, a processing unit can be implemented as a
Mealy or a Moore machine. In appendix B the differences in applying
these machines are analyzed. As a general conclusion, the choice between
Mealy and Moore machines affects the execution speed:

1) The number of operations per clock cycle that can be
performed, so the execution speed, is affected by this choice.

2)

4.2.1.4.

The combinatorial delay in a processing unit depends partly on
the use of Mealy or Moore machines. That means the maximum
clock frequency, so the execution speed, is affected by this
choice.

Example

In figure 27 an example of a processing-unit is given.

xl

IN--?j

z7

R

REG
A

x2 x3

z4

>--~DUT

Figure 27. Example of a processing-unit

This processing-unit has the following characteristics.

A and B represent the registers in which the process variables can
be stored.

IN is a data input of the processing unit. It comes, via the data
interconnection, from other processes or the system environment.
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The control vector Z = (z 1,z2,z3,z4,z5,z6,z7). The meaning of the
elements:

zl controls the interconnection element that selects the input
of register B

z2 is the load signal for register B

z3 is the load signal for register A

z4 controls the tri-state gate (an interconnection element). The
output of this gate goes, via the data interconnection to other
processes or to the system environment.

z5 and z6 control the ALU (a computational element). The ALU
can perform four functions (R is the result of the ALU):

R=A+B
R = A - B
R=B
R = A + 1

z7 controls the increment/decrement computational element.

The status vector X = (x 1,x2,x3,x4,x5,x6). The meaning of the
elements:

xl is the output of a computational element that computes the
condition B = O. This is a zero flag of register B.

x2 and x3 are outputs of a computational element that
computes resp. the conditions A = 0 (zero flag of A) and A > 0
(sign flag of A).

x4, x5, and x6 are outputs of the ALU (computational element)
and represent resp. the conditions carry out, overflow, and R =
o (zero flag of the result).

When this processing unit will be considered as a state machine,
according to figure 26, the data input IN and the vector Z. are the input
of the state machine. The content of the registers A and B are the
present state, and the data output OUT and the vector X are the output
of the machine. In the given configuration, the outputs xl, x2, and x3 are
Moore outputs, since these outputs only depend on the present state. The
other outputs x4, x5, x6, and OUT depend on the present state and on
the control vector z., so these are Mealy outputs. In general, a
processing-unit is a mixture of a Moore and a Mealy machine.

Note that the conditions x2 and x6 contain the same information: the
zero flag of the result of the ALU, that can be clocked in register A.
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The difference is that x6 is a Mealy output that will be available before
register A is clocked. x2 is a Moore output that will be available after
clocking register A.

4.2.2. The control unit

As mentioned before, the control-unit contains the algorithm that has to
be executed. This algorithm is described in a high level programming
language, as discussed in the' previous chapter. There are many ways to
implement a control-unit. Refer to [OAVI] for details. In figure 28 the
control-unit is represented as a state machine.
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State machine representation of a control-unit

The signal vectors X and Z have the same meaning as described under
the previous section. They are connected to the corresponding signals in
the processing unit. The other two signal vectors Wand E. are used for
the implementation of the synchronization statements wait and signal.
They are connected with the event manager. In the next section the
implementation of the synchronization mechanism will be discussed in
detail.

In general the control unit is, just like the processing unit, a mixture of
a Mealy and a Moore machine. This is shown in figure 28. Refer to
appendix B for details about differences between Mealy and Moore
machines in system performance. Note that the present state storage
elements are clocked by the same clock signal as the registers in the
processing unit (synchronous system).
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Every clock cycle the control unit can generate a vector Z of control
signals to perform activities (primitive operations, routing of data) in the
processing unit. On its turn, the processing unit can generate the status
vector X every clock cycle. This vector is an input to the control unit
and can affect the next state and/or the output vector (flow control
statemen ts).

So far, two of the three types of statements have been discussed now.
The performance of primitive operations is implemented by designing a
control unit that generates control signals for a processing unit. In this
processing unit the operation is performed by using computational
elements, interconnection elements, and registers. The control unit
executes flow control statements simply by evaluating the status vector
X. generated in the processing unit. The next state and/or output vector
Z of the control unit now depends on the value of particular status
signals (conditions).

The third and last type of statements is the set of synchronization and
communication statements wait, signal, send, and recehe, as defined in
the previous chapter.

The communication statements send and receive only describe what data
with what process must be communicated. No synchronization is described
by these statements. So the execution of the send statement is simply
routing data from inside the processing unit of the transmitting process
to the data interconnection between the communicating processes (refer
to figure 22). The execution of the receive statement is routing data from
the data interconnection to inside the processing unit of the· receiving
process.

The implementation of the synchronization statements signal and wait is
subject of the next section.

4.3. Event management implementation

In figure 13 and 14 in the previous chapter the Petri net representations
of the signal and wait statements are shown. The occurrence of events is
represented by tokens in places. There are two possibilities: an event has
occurred or not, so these places can contain zero or one token. That
means they can be realized by one single flip-flop. Since the system is
synchronous the flip-flop is clocked by the same signal as all other
storage elements in the system. The following state assignment of the
flip-flop will be defined:

If the place contains a token, then the flip-flop has the value
1.
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If the place contains no token, then the flip-flop has the value
O.

When this definition is used, the implementation of the signal and wait
statements can be made easily. A clocked Set-Reset flip-flop will be used
for the event management.

As an example, figure 29 shows the control units of two processes, and
one clocked Set-Reset flip-flop, labeled event, for the event management.
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UNIT E1
UNIT
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1 2

/\ t
Figure 29. Implementation of synchronizing processes

In this configuration process 1 can execute the statement

signal(event);

by setting the event flip-flop. This is done by making the signal E I of its
control unit 'I' for one clock cycle. The event flip-flop then will be set
when clocked. An ASM chart of this signal execution is shown in figure
30a. Process 2 can execute the statement

wait(even t);

by waiting until the event flip-flop contains the value 'I'. For this
purpose, the flip-flop output is connected with input WI of its control
unit. After detecting this '1', process 2 will reset the flip-flop by making
the signal E I of its control unit '}' for one clock cycle. The event flip
flop then will be reset when clocked. An ASM chart of this wait
execution is shown in figure 30b.
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Figure 30a. signal(event) Figure 30b. waiteeven t)

In general, the hardware implementation of the statement

signal(ev[ 1],ev[2],..,ev[n]);

will be according to figure 31. In this figure the control unit of the
process that can execute the signal statement is connected with the Set
inputs of the flip-flops that manage the events. These flip-flops are
labeled ev[l] to ev[n]. The Reset inputs and Q outputs of these flip-flops
are not shown in this figure. They are connected with processes that can
execute the wait statement on these events.
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Figure 31. Implementation of signal statement

The signals E1 to En are outputs of the control unit. These are elements
of the vector E. (refer to figure 28). The execution of the signal
statements is very simple. The outputs E1 to En will be made 'I' for one
clock cycle, so that the event flip-flops will be set when clocked. After
that, the outputs E1 to En will be made '0' again, and the control unit
continues executing the next statements of the process. An ASM chart
representation of this signal statement is shown in figure 32.
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Figure 32. ASM chart of the signal implementation

In general, the hardware implementation of the statement

wait(ev[ll)&ev[l2)&..&ev[ln) I ... I ev[kl)&..&ev[km));

will be according to figure 33. In this figure the control unit of the
process that can execute the wait statement is connected with the Reset
inputs and the Q outputs of the flip-flops that manage the events. These
flip-flops are labeled ev[ll) to ev[km). The Set inputs of these flip-flops
are not shown in this figure. They are connected with processes that can
execute the signal statement on these events.
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Figure 33. Implementation of wait statement

The signals El1'..,Ekm are outputs of the control unit. These are elements
of the vector E. (refer to figure 28). The signals Wll""Wkm are inputs of
the control unit. These are elements of the vector W (refer to figure 28).
During execution of the wait statement the signals Wl1'",Wkm are
evaluated until all events in one combination have occurred. Then the
corresponding reset signals of the vector E. will be made ' l' during one
clock cycle. The flip-flops of the detected even ts then will be reset when
clocked. An ASM chart representation of this wait statement is shown in
figure 34.
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Figure 34. ASM chart of a wait implementation

Note that the ASM chart of figure 34 shows the priority resolving
algorithm used in the wait statement, because it is the detailed
representation of the control unit. A very simple priority resolver is
chosen as an example. The first combination of events has the highest
priority, the last has the lowest priority. Of course it is possible to show
this priority resolver also in a Petri net graph. The disadvantage is that
the graphical representation of the communication and synchronization in
the system will be less clear that way.

Event flip-flops never can be set and reset simultaneously. The Reset
signal cannot be active before the value ' l' at the Q output of the flip
flop has been detected. That will be at least one clock cycle after an
active Set signal. Since Set and Reset signals are active for only one
clock cycle, they cannot be active simultaneously.
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The ASM chart of figure 34 goes with a Moore machine. However, the
synchronization statements can also be implemented with Mealy machines.
In appendix C the execution speed of various configurations has been
analyzed.

4.4. Concl usions

In this chapter a general system architecture is presented. This
architecture can be used to transform the system description into
hardware. Ennt management, used for implementing the synchronization
statements, is discussed in detail. Details about how to implement
processing and control units are beyond the scope of this report.
However, a lot of literature (for example [DAVI]) can be found about this
subject.

In this chapter, the processing and control units were represented by
ordinary state machines. In appendix A and B these state machines are
analyzed in detail. Appendix A deals with different types of storage
elements, embedded in sequential circuits. Testability and switching
frequency of various configurations have been analyzed. In appendix B the
control unit will be connected with the processing unit. The consequences
of doing this will be discussed. Performance analyses has been made
concerning testability, and execution speed of information transformation
and flow control statements. Finally, in appendix C control units are
connected to each other via the nent manager. For various
configurations the execution speed of synchronization and communication
statements has been analyzed.
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CONCLUSIONS AND FURTHER RESEARCH

Digital systems can be realized both in hardware and in software. The
methodology for designing software has been analyzed because in this
subject a lot of research effort has been spent. The result is that
software description languages (for example Concurrent Pascal) can also
be used for describing and designing hardware. In the language a number
of primitive operators must be defined. These operations finally will be
realized by combinatorial logic. Statements for synchronization and
communication must be added to be able to design parallelism in systems.
For the transformation from the Pascal-like system description to a
digital circuit a special kind of system architecture will be used.

A lot of research effort still has to be spent to develop CAD tools for
designing digital systems in a structured way.

Tools must be developed for simulating the communication and
synchronization behaviour of systems. The frequency of process calls
can be traced, to detect potential bottle necks. Starvation can be
detected by looking at the duration of time processes have to wait
for other processes.

Tools must be developed to calculate the communication and
synchronization behaviour of systems. In this way it is possible to
detect dead locks.

Tools must be developed to perform parts of the design process
automatically. For example, the transformation from the final Pascal
like description, that contains all details, to a hardware realization
can be done automatically.

Tools must be developed that can be used during the functional
decomposition phase. When a designer decides to make a particular
decomposition, then it would be very useful to analyze the
consequences of this decision for the final system characteristics
(speed, costs).

This report can be a basis of further research to structured and computer
controlled system design methodologies.
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APPENDIX A: Sequential Circuit Configurations

Sequential circuits can be realized in various ways. Different types of
storage elements can be used. Combinatorial logic can be embedded in the
circuit in different ways. These matters affect testability and maximum
clock frequency of the circuit. In this appendix some configurations will
be analyzed. The results can be applied to design the hardware
implementat~on of processes (control and processing units), and analyze
its performance (testability, execution speed).

1. Storage elements

Two different kinds of storage elements can be used in sequential
circuits.

I) Edge triggered flip-flops. This type of storage element switches
on the rising or falling edge (depending on the type of flip
flop) of the clock signal. In figure A·I a rising edge triggered
D flip-flop is shown, including its timing characteristics.

do.to.

clock

Qu-t

Tsu T h

K >1< >1
I I.r----+-\I

clock -----..L-;f 1~
I I I
I I I~__

do. -t 0. =1 : 1'----
I I

Figure A-I. rising edge triggered D flip-flop

T.u Data Set up time. The data signal must be stable T.u
seconds before the rising edge of the clock signal appears.

Th Data hold time. The data signal may not change for Th

seconds after the rising edge of the clock signal has
appeared.

To Data output delay. The clocked data will be available at
the output To seconds after the rising edge of the clock
signal.
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2) Transparent latches. This type of storage element transports
the input to the output when the clock signal is active. The
output cannot change if the clock signal is inactive. In figure
A-2 a transparent latch is shown. The clock is high active, so
the latch is in the 'see through' mode if the clock signal is
high. The timing characteristics of the latch are also given.

do.to.

clock

out

Tsu Th

I< 3M< >1
/
1 II ~ !

clock -'. ~

I 'I,
,-.....;...'__.....,1 ,

do.to. =x: 1 ~
I I I I

out ------1:I------.~------+----:~
I I , I
~ tE->i

Tco Tdo

Figure A-2. Transparent latch

T.u Data Set up time. The data signal must be stable T.u

seconds before the falling edge of the clock signal
appears.

Th Data hold time. The data signal rna y not change for Th

seconds after the falling edge of the clock signal has
appeared.

Tdo Data to output delay. The data output will be available at
the output Tdo seconds after the data input has changed,
but only if the latch is in the 'see through' mode.

Teo Clock to output delay. The data output will be available at
the output Teo seconds after the rising edge of the clock
signal has appeared.

2. Sequential circuit characteristics

In this section the testability and switching characteristics of some
sequential circuits will be analyzed. The results can be used to design
state machines, and analyze its performances.

Consider a sequential circuit that contains two combinatorial circuits,
named Cl and C2. The previously described types of storage element will
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be used. Three possible circuit configurations will be discussed now. The
delays of the combinatorial circuits CI and C2 are resp. Tel and Tc2
seconds.

2.1. Circuits with edge triggered flip-flops

clock

\/

~ Cl .....
f'Lip

,- flops
'--

I.....- C2 ,-
.....

clock

Tsu
~ lEE-

IE---:=----=--~ I
I I
I

Figure A-3. A sequential circuit with positive edge triggered flip
flops

For the clock cycle time Tek the next relation must hold.

Tek >= Tel + Tc2 + TIU + T h

An advantage of this circuit architecture is that a scan path can be
created easily. A scan path can be used to test the (combinatorial)
circuits between storage elements for production errors. The 'scan test
method' is a technique that is applied often these days.

A disadvantage of this circuit architecture is that clock skewing can
cause problems if the feedback of some signals is very fast. This is
because the outputs of the flip-flops will be immediately available after
the rising edge of the clock signal.
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2.2. Circuits with Master Slave flip-flops

Cl

C2

latch
es

Figure A-4. A sequential circuit with Master Slave flip-flops,
built with transparent latches

For the clock cycle time the next relation must hold.

T h2 + T 21 + Thi >= Teo + T cl + Tc2 + Tau

In this circuit architecture it is also very easy to create a scan path for
testability reasons. Note that if T 12 = 0, then the minimum clock cycle
time is the same as in the architecture of figure A-3, assumed that the
set up and hold times of the storage elements are equal. The problem of
clock skewing is avoided in this archi tecture, since Master Slave flip
flops are used. The time intervals T 12 and T 21 will be used to avoid that,
due to clock skewing, the two latches are both in the 'see through' mode
for a particular time.
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2.3. Circuits with latches

ql1

¢1
Cl

lntch I I
es

¢2
I
I I

In tch
C2

~s:
E>S

Figure A-5. A sequential circuit with transparent latches

For the clock cycle time the next relations must hold.

T h1 + Tn + T h2 >= Teo + Tc2 + T.u

T h2 + T 21 + T h1 >= Teo + Tc1 + TIU

T h1 + Tn + T h2 + T 21 >= Teo + Tc2 + Tdo + Tc1

In this circuit architecture it is hard to create a scan path, since the
transparent latches are scattered. That is a very big disadvantage. An
advantage of this architecture is the density in time of the power
dissipation of the circuit. In modern technologies (CMOS) the circuit
dissipates much power when it switches. Since the two combinatorial
circuits don't switch at the same time, the power wires in the circuit can
be smaller. This is specially important in IC technology. Another
advantage of this architecture is that the complete clock cycle is used
(refer to the final clock cycle relation). This is not the case in the
architecture of figure A-4, if Tn is not equal to zero. So this
architecture can be a little faster than the previous one.
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3. Conclusion

Of course there are more types of circuit architectures. For example
sequential circuits with three coupled combinatorial circuits can be
realized with a three-phase clock signal. However, in most applications
the previously described architectures are very usable.
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APPENDIX B: Process Configurations

The hardware implementation of processes has been described in chapter 4
of this report. However, different kinds of state machines can be used to
realise the processing and control units of a process. The connection
between these units can be made in different ways. All these matters
affect the testability and maximum clock frequency of the process
implementation. In this appendix various process architectures will be
discussed.

In the figures B-1 and B-2 the state machine representations of resp. the
processing and control unit are repeated.

clock

Dr .....,. NEXT STATE ",;g MOORE OUTPUT .....

--;:, ~
.... ,..,

"-~
,.

DECODER :I> Vl DECODERMS2 "-
j7' ....

-

.....,. MEALY OUTPUT -- ....., DECODER

.....
~

".

,If

DO

z
Figure B-t.

x

State machine represen ta tion of a processing unit

clock

.....

--;:,
NEXT STATE ",;g MOORE OUTPUT .....

------?
.... ,..,

-0-7 ".

DECODER :I> Vl

-7 MS2 DECODER ;--....
-

.....
", MEALY OUTPUT

'-- t--
", DECODER '----.....,.

,If

E

x

Figure B-2.

z

State machine representation of a control unit
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The signal names in these figures have the following meaning.

z: The control signals which control the registers, computational
elements, and interconnection elements in the processing unit
will be considered to be a nctor, named Z.

X: The status signals that are outputs of computational elements
in the processing unit, will be considered to be a l'ector,
named X.

DJ:

I!Q.:

Data Input of the processing unit. The data comes,
interconnection, from other processes or from
environment (refer to figure 22 in this report).

Data output of the processing unit. The data goes,
interconnection, to other processes or to
environment (refer to figure 22 in this report).

via the data
the system

via the data
the system

E: The control signals which are connected with the Set and
Reset inputs of the nent flip-flops will be considered to be a
l'ector, named E,.

W: The status signals which are connected with the Q outputs of
the el'ent flip-flops will be considered to be a l'ector, named
W.

The data input and data output vectors DJ and DO can be interpreted in
the following way.

The part of DJ that goes into the next state decoder
(computational an interconnection elements) is received data. In
general it is routed through interconnection elements to
registers.

The part of DJ that goes into the Mealy output decoder
(computational and interconnection elements) is data that is
received and immediately send to another process, or it is
received data that immediately generates status signals for the
control-unit. Note that data can only be stored in the
processing unit if it goes to the next state decoder.

The part of DO that comes from the Moore output decoder
(computational and interconnection elements) is data that is
send to other processes. Since no control signals go into the
Moore output decoder, this data is permanently available. So
this type of data output cannot be applied in a shared bus
environment.
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The part of DO that comes from the Mealy output decoder
(computational and interconnection elements) is data that will
be send to other processes under control of interconnection
elements.

Refer to chapter 4 of this report for more details concerning this process
decomposi tion.

l. Process architectures

Due to the danger of clock skewing, only circuit architectures with
transparent latches, clocked by a two-phase non-overlapping clock signal,
will be applied to realize the processing and control units of a process.
These two units will be connected now. This is shown in figure B-3.
Master Slave flip-flops are used as storage elements.

CONTROL UNIT

DO

~"o

I£XT STATE ~c T T HOrRE:

~ DECODER

~ ~
OUTPUT ~"O

,...--,

~,,~

HEALY

OUTPUT ~,,~

~------------~
~--,

I I

I I

I I

I I

I I

I I
I I
I I
L __

~-------------

~e IEALY

DJTPUT

~R

~2 ~l ~

~o IUlRE NEXT STATE:

DJTPUT .L .L ~P DECODER ~

50

PROCESSING UNIT

DI

Figure B-3. The state machine representation of a process
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In this figure the symbol T
clock

is used to represent a transparent latch. The output vectors from the
Mealy output decoders have the index me, and those from the Moore
output decoder have the index mo.

Unfortunately this compound state machine can be unstable since it
contains a combinatorial loop. In figure B-3 this is indicated by the
dashed lines (the signals Zme and Xme)' which go through the two Mealy
output decoders in the circuit. However, the system may operate correct
in particular cases. This can be described mathematically.

Suppose Sc is the present state of the control unit, and s.p is the present
state of the processing unit. The outputs of the Mealy output decoders
are functions of its inputs:

The following relation must hold for a stable system.

70

In english it means:

All elements x of Xme which can be affected by a particular Zme

may not affect this z'me' This must hold for all possible z'me in the
process description and in all possible states of the processing unit.

In general the system will not fulfil this condition. In that case the
combinatorial loop must be eliminated by adding storage elements. There
are four possibilities for placing these additional storage elements. This
results in four different process architectures. In the figures B-4, B-5, B
6, and B-7 these architectures are shown. Later on the characteristics
will be discussed.
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CONTROL UNIT

DO

~ ..o

1£)(1 STAlE ~c T T MOIF£

~
DECODER

~ ~
OUTPUl !..o

~ ..r

MEALY

OUTPUl ! .."T T L...-

~ ~

~ IEALY

DJlPUT

~"

t~ ~
~o 'l:IJRE NEXT STATE

DJlPUT . .1 .1 ~p DECODER IE--
" 5.0

PROCESSING UNIT

DI

Figure B-4. Additional flip-flops only in the inputs of the Mealy
output decoder of the control unit
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CONTROL UNIT

DO

~"o
--'-

t£XT STATE ~c T T MOCH:

r-j DECODER

~ ~
OUTPUT !no

~n~

HEALY

OUTPUT !,,~
t--

....t-- 42

....t-- 4,

~ IEALY

DJTPUT

~~

~~
~

~o IOlRE NEXT STATE

DJTPUT .L .L ~p DECODER oE--

5.0

PROCESSING UNIT

DI

Figure B-S. Additional flip-flops in the Mealy outputs of the
processing unit
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DC

CONTROL UNIT
~..o ,

P£XT STATE ~c T T MCCRE

~ ..o

~
I£CCDER

~ ~
CUTPlJT

~,,~

, HEALY

CUTPlJT ~ ....
t---

~2 ~l

I I
'---

I£ALY
~ ~

~e
[1JlPUT

~ ..

~e ~ IE-
~o lOlRE NEXT STATE

IlJTPUT .L .L ~P DECODER ~
5-0

PROCESSING UNIT

DI

Figure B-6. Additional flip-flops only in the inputs of the Mealy
output decoder of the processing unit
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DO

CONTRCIL UNIT
~"o -

I£)(T STATE ~CT T MO[H:

~
IECODER

~ J2
OUrPUT ~ ..o

~ ..r

- MEALY

- OUrPUT ~""---
~l-~
~2-~

~ IEALY

OJTPUT

~"

t ~l ~
~o KIlRE NEXT STATE

DJTPUT TT~p DECODER ~
" 5.0

PROCESSING UNIT

DI

Figure B-7. Additional flip-flops in the Mealy outputs of the
control unit
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Note that the configuration of figure B-4 and B-6 is not always a
physical possibility, since the next state and Mealy output decoder can be
in one combinatorial circuit (for example an ALU). In that case the
inputs to the Mealy output decoder cannot be isolated from the inputs to
the next state decoder.

Besides these four architectures there are other possibilities:

In practice it can be interesting to move the Moore output decoder
of the processing- and/or control unit from the outputs of the
present state storage elements to the inputs of these. For the
processing unit, the resulting architecture is shown in figure B-S.

CONTROL UNIT

DO

~"o
tEXT STATE ~c T T MOIRE

,

~
DECODER

~ ~
OUTPUT ~P\O

~p\e

HEALY

"""" -------------3l OUTPUT ~''''
~------------'lI

1---,
I I
I I
I I
I I
I I
I I
I I
I I
L __ -------------t

~e IEALY
I

WTPUT I

: ~& I

I--~
I

I l- I
I I-I--~ IE- IL ___

I
~o IOlRE NEXT STATE

DJTPUT ~ ---- ~_-..J
~p DtCCDER

~o

PROCESSING UNIT

Dl

Figure B-S. Processing unit with displaced Moore output
decoder

The dashed lines in this figure show more combinatorial loops than
in the architecture of figure B-3. These loops must be eliminated to
make the circuit stable. Theoretically the outputs of the Moore
output decoder have become Mealy outputs, so this architecture
shows the same behaviour as the architecture of figure B-3 if only

77



the Mealy outputs are considered. For this reason this architecture
will not be analyzed further. A practical example of such a
processing unit can be found in figure 27 of this report. The
computational elements Cl and C2 will be connected to the inputs
(instead of the outputs) of resp. the registers Band A. In that case
there will be no difference between the status outputs x2 and x6
(zero flags). Both are Mealy outputs of the processing unit now.

It is possible to add more storage elements than needed in the
architecture of figure B-3. A reason for this can be to bound the
combinatorial delays. The minimum clock cycle time depends on the
longest combinatorial delay in the system. Another reason can be the
observability and controllability of the combinatorial logic. If more
storage elements will be added which can be linked into a scan path,
then the combinatorial circuits are better observable and
controllable, so better testable. In figure B-9 an example of such an
architecture is shown. Both the complete X and Z. vectors are
latched.

CONTROL UNIT

DO

~,.o

~T STATE ~c T T MOeRE

~,.o

~
DECODER

~ ~
OUTPUT

~,.e

MEALY

OUTPUT ~"Q-

~2 ~I

~l ~2

~ IEALY

DJTPUT

~Q

~~ IE-
~o IOlRE NEXT STo\TE

DJTPUT .L .L ~p DECODER ~
5.0

DI

Figure B-9.

PROCESSING UNIT

Process architecture with short combinatorial
paths

The characteristics of this architecture will be discussed later on.
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Referring to figure A-S, the latches can be placed in a different
way, as shown in figure B-IO.

CONTROL UNIT

DO

~OIO

tEXT STATE ~c MOCJlE

------;l DECODER OUTPUT !PlO
----.

~'l
~2

~"e
HEALY

OUTPUT !"..
I----

~

~

~ MEALY

DJTPUT

~..

f1

t ~

~o IOlRE NEXT STATE

lJJTPUT ..L ~p DECODER E--

3-0

DI

Figure B-IO.

PROCESSING UNIT
Process architecture with separated transparent
latches

In this architecture the control and processing unit are not
switching in phase. In [DAVI] this type of architecture is used in
many cases. For this reason its characteristics will be discussed later
on.

In the next section the characteristics of the presented process
architectures will be discussed.

2. Characteristics of process architectures

The testability and execution speed of the previously presented process
architectures will be discussed now. To analyze the execution speed a
sequence of information transformation and flow control statements will
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be analyzed. The following Pascal like process description will be used for
that.

PR OCESS proc;
begin

op_O(..);
case condition of

fl: begin
op_l(..);

end;
f2: begin

op_2(..);

end;

fn: begin
op_n(..);

end;

end.

In this process description op_O to op_n are primitive operations. f1 to
fn are possible values of condition. The execution of op_O and the case
statement will be analyzed. Assumed is that op_O affects condition.

The performance analyses deal with the minimum clock cycle, the number
of clock cycles to perform an instruction, and the testability
characteristics. In the next sections the six architectures of figure B-4,
B-S, B-6, B-7, B-9, and B-IO will be analyzed.

Four different cases must be distinguished to analyze the execution speed:

1) The status vector, as a result of the first operation op_O,
comes from the Mealy output decoder of the processing unit.
The control vectors that represent the operations op_l to op_n
corne from the Mealy output decoder of the control unit.

2) The status vector, as a result of the first operation op_O,
comes from the Moore output decoder of the processing unit.
The control vectors that represent the operations op_l to op_n
corne from the Mealy output decoder of the control unit.
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3) The status vector, as a result of the first operation op_O,
comes from the Mealy output decoder of the processing unit.
The control vectors that represent the operations op_l to OP_D

come from the Moore output decoder of the control unit.

4) The status vector, as a result of the first operation op_O,
comes from the Moore output decoder of the processing unit.
The control vectors that represent the operations op_l to OP_D

come from the Moore output decoder of the control unit.

The machine states and signal vectors will be labeled according to the
following definitions.

1) The control vector Zj represents operation op_i.

2) The states of the control unit will be named Nindex' In state
N i _1 the operation op_O will be performed. In state N j the case
statement will be executed. The states NiH to Ni+n are the
next states after executing the first operation op_i in the case
statement.

3) All combinatorial circuits have delay. The value of these delays
are as follows (time unit is second).

Next state decoder control unit : Tes
Mealy output decoder control unit : Tee
Moore output decoder control unit : Teo
Next state decoder processing unit: Tps
Mealy output decoder processing unit: Tpe
Moore output decoder processing unit: Tpo
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2.1. Architecture I

The first architecture is the one of figure B-4.

CONTROL UNIT

DO

~"o

t£XT STATE: ~c T T MOlH:

------'l llE:CODE:R

~ L OUTPUT ~"O

----?

~..~
HE:A!..V

OUTPUT ~...
T T f--

~ L

~ ME:ALY

DJlPUT

!!3-.

~ ~1 IE-
~o IUJRE: NE:XT STATE

lJJTPUT 1. 1. ~p DE:CODE:R IE--
"- 5.0

PROCESSING UNIT

DI

Figure B-4. Process architecture I

The minimum duration of clock cycle Tck depends on the maximum delay
of the cascade of combinatorial circuits.

Tck = max{Tco + Tps,
Tco + Tpe + Tcs,
Tpo + Tce + Tps,
Tpo + Tce + Tpe + Tcs}

The longest combinatorial path contains four combinatorial circuits. This
does not mean this path has also the maximum delay.

The Master Slave flip-flops can easily be linked into a scan path, so this
architecture is scan testable. However, the controllability and
observability of the combinatorial circuits is not optimal since the longest
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combinatorial path contains four combinatorial circuits. So it can be hard
to find test vectors for all possible faults.

The four different cases for analyzing the execution speed will lead to
four different ASM charts for the control unit, as shown in figure B-ll.
These ASM charts indicate how many clock cycles are needed to perform
the operations.

Remarks:

This architecture can only be realized if the inputs to the next
state decoder and to the Mealy output decoder in the control unit
can be separated from each other.

In the ASM charts it can be seen easily that the control units in
the first two cases are Mealy machines (output vectors depend on X)
and in the last two cases Moore machines (output vectors
independent of X).

The ASM charts of the first two cases are identical since Xme is
latched at the input of the Mealy output decoder of the control
unit, so for this decoder the vectors Xme and Xmo are available at
the same time. For the next state decoder of the control unit these
vectors are not available at the same time. For this reason the third
and fourth cases result in different ASM charts.

In the first three cases one operation can be executed per clock
cycle. The fourth case is different. An evaluation state in the
control unit is necessary to wait for the status of the processing
unit. This is because the response Xmo to the control vector Zmo

has to pass the latches in the processing unit. This takes an extra
clock cycle. This is also the case in the second case, but in that
case the status vector Xmo does not have to pass the latches in the
control unit. It goes directly into the Mealy output decoder.
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x

case I: Mealy/Mealy

x

case 3: Mealy/Moore

x

case 2: Moore/Mealy

N·
I evaluate

x

case 4: Moore/Moore

Figure B-Il. ASM charts of architecture I
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The last remark is very interesting. It is possible to analyze how many
clock cycles it takes until the response X to an operation Z is available
in the output decoder of the control unit to generate the next control
vector. A theorem can be formulated to handle this.

Theorem:

The signal flow of the response must be traced from the output of
the output decoder to the input of the same decoder in the control
unit. The number of latches which are passed in this trace must be
counted. This is the number of clock cycles that are needed to
execute one operation. If this number is greater than one, then
additional wait states must be created in the control unit. This is
only necessary when the status of the processing unit has to be
evaluated. If not, then every clock cycle a control vector can be
generated to execute an operation.

To explain this theorem, the response X will be traced in the four
different cases.

I) Zme goes from the Mealy output decoder of the control unit
through the Mealy output decoder of the processing unit, then
through latches back to the input of the Mealy output decoder
in the control unit. One latch has been passed, so one
operation per clock cycle can be executed.

2) Zme goes from the Mealy output decoder of the control unit
through the next state decoder of the processing unit, then
through latches, then through the Moore output decoder of the
processing unit, and then back to the input of the Mealy
output decoder of the control unit. One latch has been passed,
so one operation per clock cycle can be executed.

3) Zmo goes from the Moore output decoder of the control unit
through the Mealy output decoder of the processing unit, then
through the next state decoder of the control unit, then
through latches back to the input of the Moore output decoder
of the control unit. One latch has been passed, so one
operation per clock cycle can be executed.

4) Zmo goes from the Moore output decoder of the control unit
through the next state decoder of the processing unit, then
through latches, then through the Moore output decoder of the
processing unit, then through the next state decoder of the
control unit, and then through latches back to the input of the
Moore output decoder of the control unit. This time two
la tches are passed, so one opera tion per two clock cycles can
be executed. This means that one wait state must be inserted.
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2.2. Architecture 2

The second architecture is the one of figure B-5.

CONTRCIL UNIT
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~"o
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Figure B-5. System architecture 2

The minimum duration of clock cycle Tck depends on the maximum delay
of the cascade of combinatorial circuits.

Tck = max{Tco + Tps,
Tco + Tpe,
Tpo + Tcs,
Tpo + Tce + Tpe,
Tpo + Tce + Tps }

The longest combinatorial path contains three combinatorial circuits. This
does not mean that this path has also the maximum delay.

The Master Slave flip-flops can easily be linked into a scan path, so this
architecture is scan testable. The controllability and observability of the
combinatorial circuits is better than in the first architecture since the
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longest combinatorial path contains less combinatorial circuits. So it can
be easier to find test vectors for all possible faults, although it can still
be hard.

The four different cases for analyzing the execution speed will lead to
four different ASM charts for the control unit, as shown in figure B·12.
These ASM charts indicate how many clock cycles are needed to perform
the operations.

Remarks:

The ASM charts do not depend on the use of Xme or Xmo since
Xme is latched, so the two vectors are available at the same time.

In the ASM charts it can be seen easily that the control units in
the first two cases are Mealy machines (output vectors depend on X)
and in the last two cases Moore machines (output vectors
independent on X).

In the first two cases one operation per clock cycle can be
executed. The last two cases are different. An evaluation state in
the control unit is necessary to wait for the status of the
processing unit. This is because the response Xmo to the control
vector Zmo has to pass the latches in the processing unit, and Xme
has to pass the additional latches. This takes an extra clock cycle.
This can be checked by tracing the signal flow of the response and
applying the previously defined theorem.
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Figure B-12. ASM charts of architecture 2
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2.3. Architecture 3

The third architecture is the one of figure B-6.
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Figure B-6. Process architecture 3

The minimum duration of clock cycle Tck depends on the maximum delay
of the cascade of combinatorial circuits.

Tck .. max{Tpo + Tcs.
Tco + Tpe + Tcs.
Tpo + Tce + Tps.
Tco + Tpe + Tce + Tps}

The longest combinatorial path contains four combinatorial circuits. This
does not mean that this path has also the maximum delay.

The Master Slave flip-flops can easily be linked into a scan path. so this
architecture is scan testable. The controllability and observability of the
combinatorial circuits is as good as in the first architecture since the
longest combinatorial path contains also four combinatorial circuits. So it
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can be hard to find test vectors for all possible faults.

The four different cases for analyzing the execution speed will lead to
four different ASM charts for the control unit, as shown in figure B-13.
These ASM charts indicate how many clock cycles are needed to perform
the operations.

Remarks:

This architecture can only be realized if the inputs to the next
state decoder and to the Mealy output decoder in the processing
unit can be separated from each other.

In the ASM charts it can be seen easily that the control units in
the first two cases are Mealy machines (output vectors depend on X)
and in the last two cases Moore machines (output vectors
independent on X).

The control vector Zme that goes to the Mealy output decoder is
delayed for one clock cycle. The status vector Xme will be
calculated by using the delayed control vector and the result of this
operation in the processing unit which is already clocked at that
time.

Applying the previously defined theorem results in the conclusion
that only in the fourth situation an additional wait state must be
added. In the other situations one operation per clock cycle can be
executed.
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Figure B-13. ASM charts of architecture 3
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2.4. Architecture 4

The fourth architecture is the one of figure B-7.
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Figure B-7. Process architecture 4

The: minimum duration of clock cycle Tck depends on the maximum delay
of the cascade of combinatorial circuits.

Tck = max{Tco + Tps,
Tpo + Tcs,
Tpo + Tce,
Tco + Tpe + Tcs,
Tco + Tpe + Tce }

Th(: longest combinatorial path contains three combinatorial circuits. This
does not mean that this path has also the maximum delay.

Th(: Master Slave flip-flops can easil y be linked in to a scan path, so this
arch.itecture is scan testable. The controllability and observability of the
combinatorial circuits is as good as in the second architecture since the
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longest combinatorial path contains also three combinatorial circuits. So it
can be hard to find test vectors for all possible faults, but it might be
easier than in the first and third architecture.

The four different cases for analyzing the execution speed will lead to
four different ASM charts for the control unit, as shown in figure B-14.
These ASM charts indicate how many clock cycles are needed to perform
the operations.

Remarks:

With respect to the processing unit, there is no difference between
the control vectors Zme and ~mo since both will be available at the
same time. This is due to the additional latches.

In the ASM charts it can be seen easily that the control units in
the first two cases are Mealy machines (output vectors depend on X)
and in the last two cases Moore machines (output vectors
independent on X).

Applying the previously defined theorem results in the conclusion
that in the second and the fourth situation an additional wait state
must be added. In the other situations one operation per clock cycle
can be executed.
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Figure B-14. ASM charts of architecture 4
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2.5. Architecture 5

The fifth architecture is the one of figure B-9.
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Figure B-9. Process architecture 5

The minimum duration of clock cycle Tck depends on the maximum delay
in the combinatorial circuits.

Tck = max{Tcs, Teo, Tee, Tps, Tpo, Tpe}

The longest combinatorial path contains only one combinatorial circuits.
This characteristic differs strongly from the previous architectures. It can
be stated that this architecture can operate with the smallest clock cycle
time.

The Master Slave flip-flops can easily be linked into a scan path, so this
architecture is scan testable. The controllability and observability of the
combinatorial circuits is very good, since every combinatorial circuit can
be isolated. This means test vectors for all possible faults may be much
easier to find than in the previous four architectures.
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The four different cases for analyzing the execution speed will lead to
four different ASM charts for the control unit, as shown in figure B-IS.
These ASM charts indicate how many clock cycles are needed to perform
the operations.

Remarks:

In the ASM charts it can be seen easily that the control units in
the first two cases are Mealy machines (output vectors depend on X)
and in the last two cases Moore machines (output vectors
independent on X).

Applying the previously defined theorem results in the conclusion
that in all situations additional wait states must be added. In the
first situation one operation per two clock cycles can be executed.
In the second and third cases three clock cycles are needed to
perform one operation, and in the fourth case this takes even four
clock cycles. This is the price that has to be paid for getting a
short clock cycle time.
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Figure B-15. ASM charts of architecture 5
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2.6. Architecture 6

The sixth and final architecture is the one of figure B-lO.
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Figure B-IO. Process architecture 6

The minimum duration of clock cycle Tck depends on the maximum delay
of the cascade of combinatorial circuits.

Tck = max{Tco + Tps + Tpo + Tcs,
Tco + Tps + Tpe + Tcs,
Tce + Tcs + Tpo + Tcs,
Tce + Tcs + Tpe + Tcs}

The longest combinatorial path contains four combinatorial circuits.
Although a system with this architecture has less combinatorial logic
between latches, the clock cycle time is certainly not shorter than the
previously described architectures.

The latches cannot be linked into a scan path, so this architecture is not
scan testable in this way. Additional latches must be placed to be able to
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create a scan path. This doubles the number of latches in the system, so
that would be an expensive solution.

The four different cases for analyzing the execution speed will lead to
four different ASM charts for the control unit, as shown in figure B-16.
These ASM charts indicate how many clock cycles are needed to perform
the operations.

Remarks:

This, architecture can only be realized if the inputs to the next
state decoder and to the Mealy output decoder in both the
processing and the control unit can be separated from each other.

In the ASM charts it can be seen easily that the control units in
the first two cases are Mealy machines (output vectors depend on X)
and in the last two cases Moore machines (output vectors
independent on X).

Applying the previously defined theorem results in the conclusion
that in none of the situations an additional wait state has to be
added. So this is the only architecture that can execute one
operation every clock cycle, even in the fourth situation.
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Fig'JTe B-16. ASM charts of architecture 6
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3. Conclusions

Some recommendations can be given to implement processes in hardware.
These are derived from the analyzed process architectures.

The architecture of figure B-IO is a bad choice because it is not
scan testable without doubling the number of latches.

If the process description, that must be implemented in hardware,
contains many evaluations of conditions, then it is preferable to
have less wait states in the control units. One of the process
architectures of figure B-4, B-S, B-6, or B-7 will be a good choice.

If the process description does not contain many evaluations of
conditions, then it is preferable to have a short clock cycle time.
This can be realized by having short combinatorial paths. Applying
the process architecture of figure B-9 can lead to a satisfying
performance.
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APPENDIX C: Event Management Configurations

In chapter 4 of this report the hardware implementation of the event
management has been discussed (refer to figure 22 of this report). The
control units of processes are connected with event flip-flops to
implement the signal and wait statements, so they interact indirectly.
Since control units can be Mealy or Moore machines, control units and
event management can be connected in various ways. The consequences
for testability and execution speed of processes have been analyzed in
appendix B. In this section the execution speed of the synchronization
and communication statements will be discussed.

1. Description of interacting processes

To analyze the implementation and execution of synchronization and
communication statements, the sender and receiver processes of section
3.2.2 of chapter 3 of this report will be used. The Pascal like notation of
this system is as follows.

PROCESS comm_proc;
cobegin

proc_i;
proc_j;

coend.

PROCESS proc_i; {sending process}
begin

{internal actions}
signal(trx_rdy); {request for transmitting}
wait(rec_rdy); {wait for receiver ready}
send(proc--i,data); {send data to proc--i}
{internal actions}

end.

PROCESS proc--i; {receiving process}
begin

{internal actions}
slgnal(rec_rdy); {request for receiving}
wait(trx rdy); {wait for transmitter ready}
receive(proc_i,data); {receive data from proc_i}
{internal actions}

end.

In figure C-I the corresponding Petri Net of the process interactions is
shown.
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Figure e-l. Petri Net graph representation of the interactions of
proc_l and proc_j

The implementation and execution of the statements wait, signal, send,
and receive will be analyzed. ASM charts will be presented to show how
many clock cycles are needed for performing these statements.

2. Architectures and characteristics of interacting processes

The realization of the interacting control units is important for analyzing
the synchronization and communication statements. So both a Mealy and a
Moore machine will be used to realize control units. The process
architecture of figure B-IO will not be discussed here, because this one
causes big problems when connections to other processing and control
units must be made. This is due to the use of separated latches, instead
of Master Slave flip-flops. It is hardly possible to make a structured
design by using this kind of process architecture. So only Master Slave
flip-flops will be applied in the presented architectures. In the first case
both control-units are Mealy machines. In the second case Moore
machines are used to implement the control units. Mixed architectures of
Mealy and Moore control units are also possible, but not discussed here.
The characteristics can easily be derived from the two presented
architectures.
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2.1. Architecture I

The first architecture is the one as shown in figure C-2.

llJ2 Qll

~ Rrr CONTROL UNIT
SENDER

PROCESSING UNIT

QlIQl2

CONTROL UNIT R1;r

RECEIVER
PROCESSING UNIT

nil ~2 ~2 ~1

Figure C-2. System architecture I

In this figure only the important signals and combinatorial circuits are
drawn. Some characteristic functions of the combinatorial logic in the
processing unit are assumed in this example.

The output decoder of the processing unit in the sending
process is an interconnection element. The data that has to be
send will be routed to the output DO of this processing unit. A
control vector Z. performs this routing.

The next state decoder of the processing unit in the receiving
process is an interconnection element. The input DI of this
processing unit will be routed to the register in which the
received data must be stored. A control vector 'Lr performs this
routing.

The nent flip-flops are labeled as follows.

TR: Transmitter Ready. This flip-flop manages the
Trx_rqst event.
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RR: Receiver Ready. This flip-flop manages the Rec_rqst
event.

The signals to and from these flip-flops are named as follows.

Str Set input of flip-flop TR.

Rtf': Reset input of flip-flop TR.

Qtr Q output of flip-flop TR.

S' Set input of flip-flop RR.rr

R' Reset input of flip-flop RR.rr

Qrr= Q output of flip-flop RR.

Performing the synchronization and communication statements of the
previously described processes will lead to ASM charts for the control
units of both the sending and the receiving process, as shown in figure
C-3. These ASM charts indicate how many clock cycles are needed to
perform these statements.

Remarks:

The synchronization mechanism takes care for the fact that the
sender and receiver enter resp. state NiH and Mi+2 at the same
time. In that state the data is on the connection (bus) between the
processes, since the control vectors Z:e and Zr are active
simultaneously. During the transition to the next state the
transmitted data will be clocked in a register of the receiving
process.

It takes three clock cycles to synchronize the two processes and to
exchange the data. In the first one the request is send to the other
process by setting a 'synchronization flip-flop'. In the second clock
cycle the status of the other process is polled, and in the third
cycle the data will be transferred. If more data has to be exchanged
(it does not matter in which direction) between these two processes,
then every clock cycle data can be transferred, because the
processes are synchronized and this situation is maintained during
the communication. If no more data has to be exchanged then the
next operation can be performed in state NiH' This is represented
by ~next.
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2.2. Architecture 2

The second architecture is the one as shown in figure C-4.

~ Rrr CONTROL UNIT
SENDER

PROCESSING UNIT

CONTROL UNIT Rtr

RECEIVER
PROCESSING UNIT

ttll ~2 1Il2 Ill]

Figure C-4. System architecture 2

Also in this figure only the important signals and combinatorial circuits
are drawn. The only difference with figure C-2 is that the Q outputs of
the event flip-flops go both to the output decoders and the next state
decoders of the control units.

Performing the synchronization and communication statements in the same
way as in the previous architecture will lead, to ASM charts for the
control units of both the sending and the receiving process, as shown in
figure C-S. These ASM charts indicate how many clock cycles are needed
to perform the statements.

Remarks:

The synchronization mechanism takes care for the fact that the
sender and receiver enter resp. state NiH and MiH at the same
time. If the sender is in state Ni+l and the receiver in state Mi+!,

then the data is on the connection (bus) between the processes,
since the (Mealy) control vectors Zs and Zr are there
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simultaneously. During the transition
transmitted data will be clocked in a
process.

to the next state the
register of -the receiving

It takes two clock cycles to synchronize the two processes and to
exchange the data. In the first one the request is send to the other
process by setting the event flip-flop. In the second clock cycle the
status of the other process is polled, and the data will be
transferred if the other process is also ready for it. If more data
has to be exchanged (it does not matter in which direction) between
these two processes, then every clock cycle data can be transferred,
because the processes are synchronized and this remains during the
communication. If no more data has to be exchanged then the next
operation can be performed in state NiH and Mi+2• This is
represented by ~ext.

With this architecture processes can synchronize faster than with
the previous one, because the control units are Mealy machines.

proc_i (sender) proc--i (receiver)

Figure C-5. ASM charts of architecture 2
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3: Conclusions

As a result of the analyzed interacting processes, a few recommendations
can be given.

The architecture of figure B-IO is a bad choice because it is very
hard to connect interacting processes (without adding interfacing
latches) in a structured way.

_Mealy machines are preferable to realize the control units of
processes. The reason for this is that processes can synchronize one
clock cycle faster, compared to Moore machine realizations.

" .
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