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Abstract

Dataflow languages are languages that support the notion of data flowing from one
operation to another. The flow concept gives dataflow languages the advantage of
representing dataflow programsin graphical forms. This thesis presents a graphical
programming system that supports the editing and simulating of dataflow programs.
The system isimplemented on an AT & T Unix™ PC.

A high level graphical dataflow language, GDF language, is defined in this thesis. In
GDF language, all the operators are represented in graphical forms. A graphical
dataflow program is formed by drawing the operators and connecting the arcs in the
Graphical Editor which is provided by the system. The system also supports a
simulator for simulating the execution of a dataflow program. It will allow a user to
discover the power of concurrency and parallel processing. Several simulation
control options are offered to facilitate the debugging of dataflow programs.

Keywords: graphical programming system, graphical dataflow language,
computer graphics, concurrency, parallel processing, dataflow.
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1. Introduction
1.1 Background

Computer technology has been developed and directed to consider how computer
systems can be designed to accommodate users. One approach is human-computer
interaction. It is very popular nowadays, especially in microcomputer application
software design. Another approach is to use pictures to convey the ideas of both
computer systems and users [Bo 1982].

The picture image -- graphical approach has many advantages over traditional
textual method [Raeder 1985]. First of all, the textual method conveys the
information in a sequential way, left to right and top to bottom. People might not be
able to totally understand the undermeaning until they actually go over every piece
of the text. Pictures provide three or more dimensions along which to lay out
information, and an opportunity to use a host of properties from the physical world,
such as shape, color, or direction. Second, a program is usually a complex, abstract
object. When we reason about a program, we think about all these aspects in a fairly
unstructured, random way; our thoughts run freely over large parts of it. Pictures
are not only able to express a multitude of notions, but also provide us with direct,
effortless access. All well-drawn pictures provide good metaphors, using text alone
forces the reader to come up with his own mental image. Third, in conventional
programming language, the only way to refer to objects is by names. This means that
all objects are referenced indirectly. In the graphical approach, names are not needed
because picture icons are self-explanatory. Objects are referred to by pointing to
them or by connecting them, and thus references are direct and visible. The
graphical approach has become a potentially powerful and useful tool in the
computational environment [Glinert, Tanimoto 1984]. Interface design becomes an
important role in the design of a system, and research has been done on this topic
[Coutaz 1985]. People have been using pictures such as flow charts, data flows, data
structures, and topology to aid their programming work. The pictures of data flow
have been used mostly in connection with data flow languages and systems, and this
is the focus of this thesis.

The advanced techniques in computer graphics make it possible in developing a
graphical programming systems. Bitmaps are used very often. A bitmap is
rectangular array of one-bit pixels, and may exist on the screen of a bitmap display
or anywhere in the memory of a computer. Each pixzel in a bitmap has status, ON or
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OFF, which generally represent the two colors, black and white. Bitmaps are
manipulated with raster operations, which are commonly optimized for speed in
hardware or firmware on bitmap display devices [Thacker 1979] [Weinreb, Moon
1981].

For nearly forty years, the principles of computer design have largely remained
static, based on the Von Neumann organization. Its principles include:

1. A single computing element incorporating processor, communication, and
memory.

2. Linear organization of fixed-size memory cells.

3. One-level address space of cells.

4. Low-level machine language (instructions perform simple operations on
elementary operands).

5. Sequential, centralized control of computation.

But the two most important characteristics of the Von Neumann model are:

1. it has a global addressable memory to hold program and data objects, with
program instructions frequently updating the contents of the memory during
execution, and

2. it has an instruction counter (or called program counter) which holds the
address of the next instruction to be executed.

Twenty years ago, J. Rodriguer at MIT and D. Adam at Stanford began to work on
research that eventually led to the development of concepts still in use today in
dataflow system [Rodriguez 1969], [Adams 1968].

The difference between the Von Neumann control model and the dataflow model lies
in the control of the computations [Agerwala, Arvind 1982] [Miklosko, Kotov 1984].
First for a dataflow model, only deals with values and not with names of value
containers (addresses), and the language of this model has no built-in notions of
gloabal updatable memory. Operators in this model produce values which are used
by other operators. Second, a dataflow model has nothing like a program counter; an
instruction is enabled if and only if all the required input values have been
computed. An instruction in a dataflow model has no side effect, and does not
introduce sequencing constraints other than the ones imposed by data dependencies
in the algorithm. A programming language for a dataflow model computer must
satisfy two criteria [Ackerman 1982]; it must be possible to deduce the data
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dependencies of program operations; and the sequencing constraints must always be
exactly the same as the data dependencies. The instruction firing rule can be based
simply on the availability of data.

A control flow program is stored in memory as a sequence of instructions. Each
instruction is fetched by the central processing unit according to the current address
in the program counter register. An instruction can not be executed until all
previous instructions have been executed. Thus the process of the computation is
controlled by the sequence of instructions. An instruction (i.e. operation) in a
dataflow program can be executed only when all of its operands are available. The
computation in a dataflow program is controlled by the flow of data in the program.
Using this method of computation, it is possible to execute as many instructions in
parallel as the given computer can simultaneously handle.

The data availability firing rule of a dataflow languag is useful for modeling the
concurrent execution and parallel processing. In general, dataflow languages
support the notion of data flowing from one operation to another. The use of a
directed graph to represent a dataflow program has been shown to be the best
methodology in introducing the language [Davis, Keller 1982]. Each node in the
graph stands for an instruction, an operation, or a function, and each arc between
two nodes represents the medium where data flows. Before running a dataflow
program, the programmer must follow a set of rules or specific techniques [Arvind,
Gostelow 1982] to convert the directed graph into lines of statements. The statement
representation of a program somewhat weakens the nature of proxy of the

concurrency.

1.2 Scope of this Thesis

The techniques of computer graphics can be used to implement a dataflow language
in a computer system with a graphics display. The work in this thesis is a
combination of the techniques of computer graphics and the natural representation
of dataflow languages. A Graphical Dataflow Language is defined in the thesis, and
a Graphical Editor is supported for editing and simulating dataflow programs.

In the next chapter a review over the previous work on develop and research of
graphical programming systems, dataflow computers, and dataflow programming
languages is given. The chapter ends with a comparison between the work which has
been done in this thesis and the previous work. In chapter 3, the project description
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is presented. It includes the definition of the Graphical Dataflow Language, and the
introduction of the Graphical Editor. In the chapter 4, several examples are given.
How the system was implemented and what data structure are used in the system
are explained in chapter 5. Chapter 6 contains the descriptions of the system
programs. Chapter 7 gives conclusions of this thesis and a suggestion for future
study. A complete bibliography and a copy of the system user’s manual are attached
at the end of this thesis.

GDF Pragramming System -- Introduction. -4-



2. Overview on the Previous Work

The topic of this thesis is related to the research and development of graphical
programming systems and dataflow languages. In this chapter, a review of the
previous work on graphical programming systems and dataflow languages is given.
The projects and research presented in this section is not an exhaustive list of this
subject, only the outstanding and robust projects are mentioned here.
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2.1 Graphical Programming Systems

The study of graphical programming system began in the 1960’s. Sutherland’s
“Scratchpad” was the first significant system that allowed users to construct graphs
interactively. [Sutherland 1963] In the past, most interaction between human and
computer has been slowed down by the need to reduce all communication to written
statements that can be typed. For many types of communication, such as describing
the shape of an electrical circuit, typed statements can prove cumbersome. The
Scratchpad system eliminated typed statements in favor of line drawings and made
man-machine conversation much more rapid. It ran on Lincoln Laboratory’s TX-2
computer, equipped with a PACE plotter for printing the drawings, light pen for
indicating position, knobs for rotating and magnifying picture parts, and provided

» tt ”

several function buttons such as “draw”, “move”, “circle center”, and “delete.”
b

Later on, Newman’s “Reaction Handler”, [Newman 1968] Ellis et al.’s “GRAIL”,
[Ellis, Haefuer, Sibly 1969] Christensen et al.’s “Ambit/G and Ambit/L”,
[Christenson, Wolfberg, Fisher 1971] and Denert et al.’s “Plan2D” [Denert, Franck,
Streng 1974] were built successively. The capability of developing better systems
became possible because the capability of designing and manufacturing high speed
processors, low cost memory, and high resolution graphics display devices became
available.

David Smith’s “Pygmalion” was developed in 1975, written in Smalltalk for the
Xerox Alto, and designed as a demonstrational system for procedural programming
in which the icon concept is central. Programming in Pygmalion is a process of
designing and editing icons. With the aid of mouse, the Pygmalion programmer
demonstrates the steps of a computation using sample data values; Pygmalion then
replays the exact sequence of operations to perform the desired computation on other
values [Smith 1975]. Gael Curry’s “PAD” was implemented in XPL/G for the Xerox
Sigma/5 computer equipped with an IMLAC PDS-1D vector graphics terminal and a
light pen. It was also a demonstrational system for procedural programming, but it
allowed user demonstrations to be carried out on potentially unbounded ranges of
values, which was called abstract data, rather than actual sample data [Curry 1978].

Alan Borning’s “ThingLab” was implemented in Smalltalk for the Xerox Alto. It
provided programmers a set of tools to help them graphically represent experiments
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in a constraint-oriented simulation laboratory, the elements in displays must
conform to some relation that must be continuously maintained. Altering one value
could cause any other immediately change in response according to criteria laid
down by the user when the experiment is programmed. [Borning 1981] Willian
Finzer and Laura Gould’s “Programming by Rehearsal”, announced in 1984, was
implemented in Smalltalk on a Xerox Dorado computer. “Programming by
Rehearsal” is a visual programming system for nonprogrammers to use to create
educational software. The emphasis on the environment was on programming
visually only things that can be seen can be manipulated. It provided 18 primitive
performers on stage, each of which responding to about 70 cues. The process of
designing and programming in this environment consists of moving ‘performers’
around on ‘stages’, and interacting with them by sending cues [Finzer, Gould 1984].

The PegaSys system developed by Mark Moriconi and Dwight F. Hare at SRI
Computer Science Laboratory. The PegaSys system does not represent programs
themselves in pictures, but it does use pictures for program design and
documentation. Pictures are mapped into calculus formulae, and the system checks
the composition of these picture elements for consistency. The system also supports a
refinement methodology for the visual specifications. Pictures in PegaSys system
capture a variety of concepts which are important design concepts represented in
flow charts, structure charts, dataflow diagrams, and module interconnection
languages. PegaSys system has been implemented on Xerox personal computer and
takes advantages of a high-resolution bitmap display. [Moriconi, Hare 1986]

A graphical systemwhich relates to programming languages and parallel processing
was created by J.C. Boarder at Oxford Polytechnic, Oxford, England in 1981. His
language called LZ was developed and implemented for the ITT 2020 microcomputer
and its graphics facilities. Parallel programs can be built diagrammatically and
hierarchically, using the keyboard as function selector, and transformed into an
interpretable code for execution in simulated parallel mode [Boarder 1981].

The invention of ICONLISP, done by G. Cattaneo, A. Guercio, S. Levialdi, and G.
Tortora in 1986, presented a visual extension of an existing functional programming
language LISP. Two advantages were gained: an interactive teaching of LISP
properties and behavior, and the possibility of writing correct programs using icons
by means of visual feedback. The system was implemented on a MacIntosh personal
computer. The icons of IconLisp are made of three components, physical component,
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logical component, and name. The physical component contains a graphical
representation which is a natural metaphor of the semantic value of the icon. The
logical component contains the LISP list. The name icon is an identifier which may
be used for mnemonic and matching purpose [Cattaneo, Guercio, Levialdi, Tortora
1986].

2.2 Dataflow Computers

The so called Dennis Machine at MIT is one of the most well known dataflow
machines. The project goals of the development [Misunas 1971] stated by Dennis
were: [Misunas 1979] (1) develop a user level programming language, (2) build an
engineering model, (3) address translation, oprimization, and code generation, and
(4) develop specifications for a full-scale machine. The following figure shows the
machine architecture [Misunas 1978] ,[Dennis, Boughton, Leung 1980]. The

Processing Section

Processor 2

data token i
afa Brocessor < operation packet

\ 4 \ 4
Control
Network
4 control token
[T instruction Cell ’\
Arbitration

| iInstruction Cell > Network

_—

Distribution
Network

Memory Section

machine follows a Static Execution Rule. An instruction is enabled if and only if a
data token is present on all its input arcs and no token is present on its output arc.

The development of the Arvind Machine at MIT was begun at the University of
California-Irvine and is continuing at MIT, directed by Arvind and Gostelow. The
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project goals [Misunas 1979] as stated by Gostelow were: (1) design a general-
purpose computer composed of many small processors, (2) remove bottlenecks from
the archithcture, (3) develop prototype based on ID (Irvine Dataflow) programming
language, and (4) investigate fault tolerance. The following figure describes the
architecture [Arvind, Kathail 1981] [Arvind, Gostelow 1977]. The Arvind machine

Architecture PE (Processing Elemerit)

_ Y
L =

NxN Walting
Matching

Network
v

Instruction }(qg—p{ Pgm & Data
Fetch Memory

v

Service

—» (ALY | "S&':;::;G

Output

does not follow a static execution rule as does the Dennis Machine. It instead allows
several tokens to be present on the input and output arcs that lead into and out of an
instruction. In this way several instantiations of the same instruction (provided
there are no data constraints) can execute concurrently. This kind of architecture is

said to be dynamic.

The DDM1 Machine (Data Driven Machine) project at Utah University under the
direction of Davis has the following goals: (1) develop a recursive machine
architecture, and (2) develop a high-level data-driven graphical language [Misunas
1979]. The DDM1 architecture is shown below [Davis 1979] [Davis 1978]. DDM1
became operational in 1976 (first in the USA), the DDM1 communication with a
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DEC 20/40 computer which is used for compilation, input, output, and performance
measurement. The language is currently a statement description of a directed graph.
An interactive graphical programming language is under development.

Some other machines are Manchester Machine at Manchester, England. Its major
motivation is the exploitation of parallelism to develop a high speed machine.
Secondly is the realization of cost effective and reliable design [Gurd, Kirkham,
Waton 1985). Development of Toulouse LAU Machine is taking place in Toulouse,
France. The goals is to design a single assignment high level language. The
language must be easy to use by non-specialists, naturally exploit parallelism in
algorithms, be readable and be debuggable [Comte, Hifdi, Syre 1980].

The EDDY Machine in Japan (Experimental system for Data-Driven Processor
arraY) has also recently just become operational [Hwang, Briggs 1984].

2.3 Dataflow Programming Languages

To exploit the parallelism of multiprocessor architectures, vector machines and
array processor computer systems, some conventional computer languages were
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adapted or extended to facilitate the use of these systems [Hansen 1975]. The
Concurrent Pascal Programming Language is one of this kind. It extends the
sequential programming language Pascal with concurrent programming tools called
processes and monitors. A process consists of a private data structure and a
sequential program that can operate on the data. One process cannot operate on the
private data of another process, but concurrent processes can share certain data
structures. A monitor defines a shared data structure and all the operations
processes can perform on it. It also defines an initial operation that will be executed
when its data structure is created. Processes cannot operate directly on the shared
data. They can only call monitor procedures that have access to shared data. There
are also languages which have been developed to use these parallel computation
system directly [Lawrie, Layman, Baer, Randal 1975]. The Illiac IV computer
consists of a control unit (CU) and 64 arithmetic processors (PEs). The CU decodes
instructions and causes all the PEs simultaneously to execute arithmetic, logic, and
memory fetch instructions. Primary memory consists of 128K 64-bit words divided
into 64 2K word modules. Each PE is connected to one 2K module and can directly
access only its own module. Since each PE hasits own index registers, it can index its
own module independently of the others. GLYPNIR is designed for programming the
Illiac IV computer and exploits its parallel computation capability. A GLYPNIR
compiler has to detect the parallel operations of the program, and the parallel
execution of parallel operations. Many of these languages are unnatural in the
manner in which programmers normally think about problem solving. For example,
when we write a concurrent program, we must somehow represent these access rules
by linear text. This limitation of written language tends to obscure the simplicity of
the original structure.

Dataflow languages, were then designed for this purpose and they are now used
widely in some application categories [Thacker 1979] [Weinreb, Moon 1981]
[Yomaguchi, Inamoto 1986] [Matwin, Pietrzykowski 1984]. The format of dataflow
languages has not been universily agreed upon. Most of the programs are usually
described by graphs that have the following properties:

1. Free form side effect. This property ensures that data dependencies are the
same as the sequencing constraints.

2. Locality of effect. Instructions don’t have unnecessary far-reaching data

dependencies.
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3. Equivalence of instruction scheduling constraints with data dependencies. All
the information needed to execute a program is contained in its dataflow

graphs.

4. A “single-assignment” convention,” A variable may appear on the left side of
an assignment only once within the area of the program where it is active.

5. A somewhat unusual notation for iteration, necessitated by (1) and (4).
In this section, several dataflow languages are examined.

VAL (Value-Oriented Algorithmic Language) was developed at MIT by the
Computation Structure Group, with Ackerman and Dennis the principle architects
[Ackerman, Dennis 1979]. It is one of the most fully developed dataflow languages.
VAL is an applicative, single assignment, side-effect free language. Consequently,
all data types -- boolean, integer, character, real, arrays, and records -- are treated as
mathematical values. There is a union type available where tags allow you to
identify and choose from a specified set of types. All variables must be declared and
strong type checking is done at compile time.

A program in VAL is a collection of separately translated modules with the following
characteristics: (1) Each module contains the definition of one external function and
may contain definitions of internal functions. (2) The internal function definitions
are nested similar to the Pascal program format for function definition. (3) No
recursion or mutual recursion is allowed. (4) Internal function can only be called
from the function enclosing it. (5) external functions can be called from all modules
of the program except the one defining it.

VAL includes conditional expressions, (if-then-else), iteration expressions (for-iter),
and parallel iteration (for-all). Recursion is not permitted so that each function
invocation would be strictly independent with no state information from one
invocation to the next. VAL was designed specifically for numerical computation
with the data-driven machine architecture as the primary target for translation of
programs. However, the design was developed with the view of allowing the
language to evolve into a general purpose language when a general purpose dataflow
computer is available [Ackerman, Dennis 1979].
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ID (Irvine Dataflow language) was designed and developed by the data flow project
at the University of California at Irvine in the late 1970’s and is the most robust of
the dataflow languages at this time [Arvind, Gostelow, Plouffe 1978]. ID is a block-
structured, expression oriented, single-assignment language. A program in ID is
composed of a list of expressions. The language supports values, blocks, conditionals,
loops, and procedure applications. In addition, it supports some new concepts such as
stream, functionals, and nondeterministic programming.

In all dataflow languages, there is no concept of a memory location that is
manipulated; all data types -- integer, real, boolean, string, structure, procedure
definition, manager definition, manager object, programmer-defined data type and
error -- are treated as mathematical values. In ID there are no explicit declarations
and no type checking. Since the internal representation of the values is self-
identifying. Type is associated with the value and not with the variable. Primitives
are available to test the type of a value and convert it to a different type if necessary.

2.4 Compare the Thesis project with the Previous Work

The work I have done in the thesisincluded defining a Graphical Dataflow Language
(GDL), supporting a graphical programming environment for the graphical dataflow
language users to draw their dataflow programs. The environment also supplies a
dataflow simulation capability for users to execute their dataflow programs in a

simulated mode.

The graphical editing environment is dedicated to the editing of dataflow programs.
It provides sufficient editing commands and elegant editing procedures. A user can
use the mouse and the keyboard to construct dataflow program graphs. It also
provides on-line help functions to help users to become familiar with the language
and the system,.

The operators available in the GDL only cover the basic operations. GDL does not
have loop operators, array structures, or stream manipulation capability. The data
types are restricted in integer, real, character, and boolean. But GDL allows the user
to have recursive functions in the programs. The essential significance between GDI,
and former developed dataflow languages is that all the operators in GDL are
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introduced in graphical forms. A dataflow program keeps its graphical
representation one and for all.

The simulated execution of dataflow programs in GDL employs the Static Execution
Rule. In addition, the simulator offers several control options to enable users to
monitor the progresses of the execution.
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3. Project Description

Several iconic programming systems and visual programming systems have been
designed, which provide graphical programming environments to assist the users in
programming. The GDF system developd in this thesis provides an environment for
graphical programming and is dedicated to dataflow language. A graphical dataflow
language is defined, and a graphical editor is designed to support the editing of the
dataflow programs and the simulating of the dataflow program execution. It
provides user-friendly interface between the system and the user. In this chapter,
system function diagrams and the graphical dataflow language are introduced. Also,
the graphical editor and the simulation of dataflow programs are described.
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3.1 System Function Diagrams

GDF Programming System

Graphical Editor

edit edit
operator character
icons fonts S -
edit - / execute
dataflow \-[ dataflow :
opicon font program /:| program
info file info file :
dataflow :
program file graphs store ;

Main Function Diagram

As presented in the above diagram, the system offers users three main options:
1) edit operator icons, 2) edit character fonts, 3) edit and execute a dataflow program.

The first two options were built to facilitate the system designer in developing the
system. A user is not encouraged to modify the icons or fonts until he/she has
already completely understood the system architecture and data structure. All the
symbols and characters used in the system (except the text displayed on the message
board, the lower part of the screen which is used to show system messages) are
bitmapped icons. The icon bitmaps were created and stored in two external files
called opicon info file and font info file. When the GDF system is invoked, these
bitmap information files are read and loaded into proper memory structure
respectively. Every time the user goes through main option 1 and main option 2 to
modify any of the icons, the related external bitmap info file will be updated and
stored with new bitmap information.
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The graphical editor is the third option. It provides commands to allow users to
retrieve graph program from a file, save it to a file, interactively edit the graph on
the screen, and execute the graph on the screen. The graph editor animates the
graph execution simulation on the screen. Several simulation controls are also
provided, they are described in more detail in section 3.3. The selected region
surrounded by dash lines in the main function diagram is the simulation part of the
dataflow program execution. Its functional diagram is shown below.

fetch
enabled node list en?ll():led

node

display
control
enqueue
node execute
process
— graph store —

Funcional Diagram for Dataflow Simulation

Two data structures are shown in the diagram, the graph store and the enabled node
list. The graph store keeps each graph’s information in a linked list. This data
structure is shared with the graphical editor. So the user can use the editor to
modify the nodes or arcs in any of the graphs, then executes his program. If any
error occurs, he can edit the graph and execute it again very easily. The enabled
node list is also a linked list. Each element of the linked list contains a pointer which
points to a node that is ready to be executed.
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The three main processes are enqueue node, fetch enabled node, and execute. The
enqueue node process examines each node for information on the current executed
function graph in the graph store, finds out those nodes whose input tokens are ready
at their input ports, and then sets up a pointer in the enabled node list to mark that
the node is ready for execution. The fetch enabled node process fetches a node from
the enabled node list, and passes the information on that node to the execute process.
The execute process executes the node passed from the fetch enabled node process. An
output token may be generated, and located at an input port of some node in the
graph store. Theoretically, the enqueue node and the fetch enabled node processes
are always serving the system, and many executed processes can exist at the same
time. The concurrency of the system can be seen at this point. When the fetch
enabled node process stops working, it means no more nodes are ready to be
executed. The program should either terminate perfectly, or be aborted because
some errors or deadlock occurred. Details of the simulation will be discussed in
section 3.4.

The display control monitors the execution of a dataflow program, and provides the
user with a vivid and explicit display of the execution. It dynamically highlights all
the nodes which have been queued in the executed node list, and flashes the node
which is being fetched and executed. The value of the tokens which flows on arcs are
also displayed. The user can use the single-step function to easily find out the
intermediate result from every node during program execution.
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3.2 Graphical Dataflow Programming Language

Some important properties a dataflow program should have are 1) side-effect free
operation, 2) locality of effect, 3) equivalence of instruction scheduling constraints
with data dependencies, and 4) single assignment convention. The graphical
dataflow language defined in this thesis has these properties. There are also some
reasons for describing dataflow languages in graphical representations:

1) Data availability firing rule. When a node’s input data are available, it is said
to be fireable. The program can be represented as a directed graph where each
node represents a function or an operation and each arc carries data items.
The direction of the arc represents the direction of the data flow.

2) Dataflow programs are easily composable into large programs. As we know,
each operation of a data flow program is driven by its input data, the operation
is side-effect free. When we want to combine two pieces of the programs, the
only thing we are concerned is with the output of one program and the input of
the other program. This makes the composition very clear and simple.

3) Data flow programs prescribe essential data dependencies. A dependency is
defined as the dependence of the data at an output arc of a node on the data at
the input arc(s) of the node. So, the programs are executed concurrently.
More than one node can be executed at the same time.

4) Graphs can be used to attribute a formal meaning to a program. The
operational definition defines a permissible sequence of operations that take
place when the program is executed. The functional definition describes that
a single function represented by the program and is independent of any
particular execution model.

These reasons are part of the motivation for establishing this system. The graphical
dataflow language in this system provides 29 operators which are listed below.
Their names, symbols, and functions are described in next few subsections.

ADD SQRT NOT == DISTRIBUTE CALL

susB ABS > /= START CONST

MUL NEG < INPUT STOP ABSORBENT
DIV AND >= OUTPUT BEGIN GATE

MOD OR < = SWITCH END
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3.2.1  Arithmetic Operators

The arithmetic operators are addition, subtraction, multiplication, division, modulo,

square root, absolute value, and unary negate.

IN1 IN2 IN1 IN2 IN1 IN2 IN1 IN2
ouT ouT ouT ouT
OUT=IN1+IN2 OUT=IN1-IN2 OUT=IN1*IN2 OUT=IN1/IN2
IN1 IN2 IN IN IN
OuT ouT ouT ouT
OUT=IN1modIN2 OUT=sqrt(IN) OUT =abs(IN) OUT=-(IN)

Arithmetic Operators

Proper type checking will be done on the input tokens’ type. The system will display
an error message when divide-by-zero occurs and terminate the execution. But some
cases will not be detected, for example, if token value exceeds maximum value or
goes below minimum value. The magnitude of these values is restricted by the

computer architecture.
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3.2.2 Logical Operators
The logical operators are logical AND, logical OR, and logical NOT.

IN1 IN2 IN1 IN2 IN
=) () &
ouT OUT ouT
OUT=IN1landIN2 OUT=INlorIN2 OUT =not(IN)

Logical Operators

Only boolean values are allowed for the logical operations. Improper types of inputs
will cause program terminated and an error message to be displayed.

3.2.3 Conditional Operators

The conditional operators are greater than, less than, greater than or equal to, less
than or equal to, equal, and not equal.

IN1 IN2 IN1 IN2 IN1 IN2
ouT ouT ouT
if IN1 > IN2 ifIN1 < IN2 ifIN1 > = IN2
OUT = TRUE OUT = TRUE OUT = TRUE
otherwise otherwise otherwise
OUT = FALSE OUT = FALSE OUT = FALSE

To Be Continued
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IN2

ouT

ifIN1 < =1IN2
OUT = TRUE

otherwise
OUT = FALSE

IN1 IN2

OUuT

ifIN1 = = IN2
OUT = TRUE

otherwise
OUT = FALSE

IN1 IN2

OuT

if IN1 !'= IN2
OUT = TRUE

otherwise
OUT = FALSE

Conditional Operators

The output of a conditional operator is a boolean value, either TRUE or FALSE.

3.2.4 Input and Output Operators

A dataflow program interacts with the user by the INPUT and OUTPUT operators.

IN
IN enables the INPUT node,
INPUT its token value is trivial
ourT

OUT = the input data received from the keyboard

IN

OuUTPUT

ouT

OUT = IN

Input/Outout Operators
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Executing INPUT and OUTPUT nodes will cause the program to stop temporarily.
When an INPUT node is executed, a small dialog box is created and prompt with
user to key in the proper type value. The program will continue after you enter the
data (then hit the <Enter> key or click [OK] box). When an OUTPUT node is
executed, a small window is created and displays the output token prompt and
value. The program will continue after you click the mouse or hit any key.

3.2.5 Switch and Distribute Operators

IN1 IN2 IN
T F | L DISTRIBUTE |_ CONTROL
SWITCH CONTRO T F C
ouT OUT1 ouT?2

if CONTROL = = TRUE if CONTROL = = TRUE
OUT = IN1 OUT1 = IN

otherwise otherwise
OUT = IN2 OuUT2 = IN

Switch/Distribute Operators

The SWITCH operator is a selector. One of its two input tokens is selected by the
control input, and put on the output port. The DISTRIBUTE does a branching
operation. The input token will flow into one of its output port which is selected by
the control input.

3.2.6  Start, Stop, Begin, and End Operators

IN
, 1T |
OUT OUT1 2 3 4 END

Start/Stop/Begin/End Operators
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The START and STOP operators are used at the beginning and the end of a main
program graph respectively. The main program can only have one START node and
one STOP node. The START operator generates a dummy token with NULL value,
and most of the time, this token is used to enable the nodes which connected to
START. The STOP operator terminates the program. BEGIN and END are used at
the beginning and the end of a subroutine graph. Each port of the BEGIN node
carries a token, which is from a CALL node in a calling function. The END operator
returns a token to the calling function. A subroutine can only have one BEGIN
operator, and as many as END operators as the user needs. After any one of the
END operators is executed, the execution of subroutine is terminated and a token is
returned to the calling function.

3.2.7 Call Operator

OUT |1 |2 :|3 ‘i The CALL node is used when a function

calls some other function. The

function name is displayed at the

CALL bottom outside of the calling

symbol. One function can have up
| Functi to 4 input parameters, and it

OUT unction name  5]ways returns one value.

Call Operator

3.2.8 Constant Operator

A CONST node always has a token
ready on its output arc, waiting for
firing. Whenever the node which
is conncected to the output port of a
constant node consumed its (the

node’s) input token, the constant node
ouT will fire.

Constant Operator
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3.2.9 Absorbent and Gate Operator

An ABSORBENT node absorbs its input token which is no longer useful in the
graph. A GATE node can have as many input and output arcs connected to it as you
want. Whenever a token is ready on one of its input ports, the GATE is enabled to
fire, and delivers the input token to all of the output ports.

IN IN
IN

OUT

||
OUT ouT

Absorbent and Gate Operators

3.2.10 Types of Tokens

The GDF language has the capability to process four types of tokens. They are
integer, character, boolean, and real number. The type of a token should be given
when a CONST or INPUT node is selected and located on the graph scratchpad. For
each of the operators except CONST and INPUT nodes, the output token type is
determined by its input token. For example, if the input to an ADD operator is an
integer, the output token type will be assigned as integer automatically. Ifits inputs
are real, then the output will be a real type token. Some operators can work for
mixed types. For example, the ADD, SUB, MUL, and DIV operators can do the
calculation for mixed integer and real numbers. Some operators can only work for
certain type of input tokens. For example, MOD operator only takes integer inputs.
Some operators only generate certain types of output. For example, MOD operator
generates integer type of token, and conditional operators generate boolean tokens.
Some operators can take any type of input tokens, like GATE, ABSORBENT, STOP,
and END.
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The GDF language does some type checking. Type violation will cause a program to
be terminated, and the proper error message to be displayed. The message can help
the user to reassign the type (change the property) of the INPUT or CONST node, or
those nodes that start with improper type of tokens. The user himself should be
aware of what is the right type of token flowing on the arcs.

3.2.11 Syntax of the GDF language

The only syntax rule that a user should obey is that all the necessary arcs should be
constructed in a function or main program graph. Every input or output port of a
node can only have one connection except the GATE node. The GATE node can have
multiple input and output. The GDF system will check all the connections before a
program is executed. The checking is only done the first time the program is
executed or the first time after if is modified.

3.3 Graphical Editor

The graphical editor is a well-designed user-friendly oriented editor for editing and
executing dataflow program graphs. A user can create, save, retrieve, or modify any
number of function graphs. A program or function graph is composed of numbers of
operators provided by the GDF language. The graphical editor supports commands
for managing the graphs. The command set includes the commands for editing, file
management, program execution, and on-line help. The user can see and choose a
command by clicking the command-request-box which is located at the upper-left
corner of the screen, and moving the mouse up and down on the pull-down command
menu. Releasing the mouse button on the highlighted command will cause the
command to be selected. In this section, these commands will be introduced.

3.3.1  Screen Layout

The screen is divided into three areas in the graphical editor. The figure is shown on
the next page.
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Screen Layout

Area (A) is called scratchpad. The user can construct his/her dataflow program by
copying operators from the operator menu panel, locating them on the scratchpad,
and connecting the arcs if necessary. Each operator on the scratchpad is a node
which can be a simple operation or a call to another function which is an independent
dataflow graph. The scratchpad area is also used for displaying the animation of the
execution of a dataflow program. On the upper-left corner of the scratchpad is a
small box called command-request-box. A pull-down menu will show up if the user
clicks the mouse on the command-request-box. To keep pressing the mouse button
and moving the mouse up and down inside the menu, the user can see that the
command which pointed by the mouse is highlighted, and he/she can select the
command by releasing the mouse button when the command is highlighted.

Area (B) is called operator menu panel. The graphical representations of the
operators which provided by the system are displayed in this region for the user to
choose and copy to the scratchpad to construct a program graph. There are twenty-
nine operators available in the system, but only seven of them are shown on the
menu panel at a time. These seven operator icons form a template. The user can
click the bottom-most icon which stands for “more” operation to see more operators

in another template.
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Area (C) is called system message board. Various of system messages and hints
which relate to the system operations, current editing status, or current execution
animation status are displayed in this region. The name of the current selected
command and the name of current edited graph are always displayed when a graph
is under construction.

3.3:2 Graph Editing Commands

Seven system commands are provided to facilitate the editing of a dataflow program
graph. They are copy__locate, select, move, delete, connect, property, and redraw. The
function of each command is described below:

Copy- locate

This command enables a user to copy one of the operator icons which are
currently shown in the operator menu panel, and locate the copied operator in
the scratchpad area.

Select
This command allows a user to select one of the nodes or arcs currently
displayed in the scratchpad area. The selected item will be highlighted. A user
must use this command before he uses delete, property, or move command.

Move
This command enables a user to move one of the operators in the current
edited graph around in the scratchpad area to find a pertinent location.

Delete
This command enables a user to delete any of the nodes or arcs currently
displayed in the scratchpad area.

Connect
The connect command enables the user to construct the arcs of a dataflow
graph. After the connect command is selected, the user can connect as many
arcs as he/she wants; each arc is formed by connecting an output port of a node

to an input port of a node.

Property
This command is useful in checking or changing the property for INPUT node,

OUTPUT node, CONST node, and CALL node. The property of an INPUT
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node is the type of the token that the INPUT node will generates and the
prompt string that will be used when the INPUT node is executed. The
property of an OUTPUT node is the prompt string that will be used when the
OUTPUT node is executed. The property of a CONST node is the type and the
value of the token that will be generated when the CONST node is executed.
The property of the CALL node is the name of the function graph which is to
be called when the CALL node is executed.

Redraw
This command is used to redraw the screen. The reason for providing this
command is because that improper mouse operations might cause some
garbage or unexpected objects left on the screen.

3.3.3 Graph File Management Commands

The GDF programming system also provides five system commands for user to
manage their dataflow program graphs. These commands include new, functions,
switch__pages, save, and retrieve. A dataflow program can be composed of one or
more than one graph. The first edited graph of the program is called main graph
(just like the main function in a C program).

New
This command can be used when the user wants to start to draw a new
dataflow program. The user will be prompted to enter a name for the new
program. This name is also used as the name of the main function graph

name.

Functions
This command is used when a program is currently edited. It allows the user
to add new function into the current edited program, so the user can draw as
many new function graph as he/she wants. The functions command also allows
the user to delete an existing function graph from the program, or rename an
existing function graph of the program.

Switch-pages
If the current edited program contains more than one function graph, this

command allows the user to switch the current edited graph among all the
graphs.
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Save
This command enables the user to save a program which may consist of any
number of function graphs. The user can save the program after editing it, or
before leaving the GDF programming system, or any time he/she wants to
save. The user also has the options to choose either quitting the current
session or resuming after the save operation is completed.

Retrieve
The retrieve command allows the user to retrieve a GDF language program
from the current directory. The main graph of the program is then displayed
on the screen. If the user wants to retrieve an non-existing program, proper
error message will be given.

In the GDF programming system, only one program can be edited at a time. The new
and retrieve commands can only be used when the first time the user enters the GDF
programming system, or after the user quits the current editing session.

3.3.4 Execute, On-line Help, and Quit Commands

Execute
This command can be issued when the user wants to execute the current
edited program. If the program is a new edited one, or an old one but has not
been executed since last modification, the dataflow simulator will check the
arc connections of every graph before the program is executed. Several
execution simulation options are provided, and will be discussed in section 3.4.

On-Line Help
The on-line help command is provided to invoke the on-line help function. A

brief explanation for the previous chosen event will be displayed in a newly
created temporary window. The previous chosen event might be an operator
or a command that the user just selected before he/she selects the on-line help
command. No on-line help supplies to itself and the quit command.
Quit

Issuing the quit command will stop the current editing session. If there is a
program in editing, the system will prompt a confirmation message to the
user. The user may cancel the quit command, save the program then try
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quitting again, or can just quit without concerning the modification or saving
program,

3.3.5 Two Ways for Choosing Command

A user can select a command either by clicking the command-request-box or by
pressing <B2>, the mouse command button. The former method is to select the
command through a pull-down menu. The later one is especially useful when the
user is trying to make changes or modifications on an existing program graph. The
details about how to use both methods are described in the USER’S MANUAL.

3.4 Dataflow Simulation

The objective of the GDF Programming System is to support a dynamic simulation
environment for dataflow programs. The graphs of a dataflow program are taken
and executed directly by the system. The “directly” means that GDF system does not
convert the graph information into an assembly-like or other programming
language codes. One of the differences between the GDF simulation and other
simulations which have been developed is that the GDF simulation comes along with
a dynamic graphical display and GDF simulation has control options over the
simulation. These control options are offered for the user to monitor the execution of
dataflow programs. The concurrency can be seen very easily through the graphical
display. Another difference is that a program in GDF programming system is
expressed in graphs, not in conventional text statement.

3.4.1 The Simulation

At the beginning of the running a GDF program, the main function graph of the
program is refreshed onto the screen and executed. As mentioned in section 4.1, two
structures are maintained in the system, the graph store and the enabled nodes list.
The graph store is a block of memory contains graphs’ information. Each graph owns
two linked list data structures, one for the nodes and one for the arcs. In the nodes
linked list, each node element has a number of fields which are pointers and
prepared for receiving and delivering tokens. When a function graph is called to be
executed, the system refreshes the screen with that graph and allocates memory for
duplicating the graph’s information. All the duplicated graphs are stacked as run-
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time activation records. The system maintains a stack pointer to keep track of the
newly-called function graph. Whenever a function graph returns a token to its
calling function graph, or the function graph terminates execution (if it is a main
graph), the memory occupied by the function is released.

Three kind of nodes can fire (e.g. be executed) at the beginning of the execution of a
function graph. They are START node, BEGIN node, and CONST node. The START
node and BEGIN node only fire once, and the CONST node can keep firing whenever
the firing is applicable. The status of each node in the node linked list is checked,
that is capable of firing the node when all the necessary data tokens have arrived,
and generating the output token to update the status of the destination node. After a
node fires, its input tokens are released at its input ports. The output token
generated by the operator only depends on the input token value and the operation of
the node. Such a token generation method complies with the locality of effect, side-
effect free, and single assignment rule of the general dataflow conventions.

The values of the input token and output token are displayed on the side of input and
output ports when they are generated, and are erased when the tokens are
consumed. The enabled node list is a run-time generated data structure. It records
all the fireable nodes, and is modified every time the status of a node is changed. The
whole program execution progresses by repeating all the steps described on the
above.

3.4.2 Concurrency

It is a very elegant presentation to show the concurrency of the execution of a
dataflow program in GDF programming system. During the execution, all the
operators which have their input tokens ready at the input ports are highlighted.
These nodes are called ready for executing or fireable nodes, and are maintained in
enabled nodes list.

In a dataflow computer, theoretically, these fireable nodes can fire or can be executed
at the same time. In our simulation, only one of these highlighted nodes fires at one
instance. It is because that this is a simulation on the computer with sequential
architecture. The order of the firing nodes is trivial, since all these fireable nodes
have equal opportunities of firing. In some on-the-shelf simulation, the order is
determined by a random number generator. In the GDF simulation, the order is
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determined by the order when the node was created. The node which is firing is not
only highlighted, but also flashing to make difference from the other fireable nodes.

3.4.3 Control Options

The GDF programming system provides seven simulation control options for the
user to control the process of a program execution. These options greatly help the
user of the graphical dataflow language in writing and testing his/her dataflow
programs. The options are pause, continue, single step, fast execution, give up,
simulation speed up, and simulation speed down. They are presented in a way of
seven control buttons displayed on the left hand side of the screen. The user can use
the mouse to point and click the option button that he/she wants at any time when
the simulation progresses. The figure and description are shown below.

Speed up

Pause

Single Step

Continue

Fast Execution

Give Up

Speed Down

Simulation Control Options
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UP arrow: Speed Up
The system uses a simple “for” loop to delay the flashing of the firing node.
Using the mouse to click this control button, the user can speed up the
simulation speed, that means, the delay will be shorter.

P: Pause

This control option allows the user to pause the simulation temporarily. The
user can have enough time to check the current execution status.

S: Single Step
The single step option is the most important option of the simulation controls,
because that it allows the user to monitor the execution step by step to trace
the program. The execution of the program will stop temporarily before a

node fires and after a node fires when the user click this control buttons every
single time.

C: Continue
After using pause or single step options, the user can resume the simulation to
the regular speed by clicking the continue control button. The simulation
speed remains the same as it was before pause or single step was applied.

F: Fast Execution
When the user feels that it is not necessary to look at the simulation
progresses, he/she can click the fast execution control button. The system will
not flash any firing nodes, and will not stop except any input or output node is
reached. The user can get the result from his/her program without any system
delay.

G: Give Up
This option allows the user to quit or abort the execution of a program
simulation whenever it is necessary. For example, the user finds out the
dataflow is generating abnormal data value or the token flow not the correct
way as he/she wants, he/she can give up the current execution to modify the
graph, then tries to execute the program again.

DOWN arrow: Speed Down
This option prolongs the delay time when a node is flashing. This function is
opposite to the first option, speed up option.
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4. Application Examples

The GDF Programming System provides a user-friendly environment for users to
develop their application programs. Since the GDF language defined in this thesis is
a kind of computer language, the user must go through the procedures from learning
the language, practicing the use of the language, then he/she might become a skilled
programmer. In this chapter, four examples will be presented. Each of the examples
includes a brief explanation of the problem, the method of solution, the actual
program graph, and the reason for using the example. All of these examples have
been successfully tested and exectuted in the GDF Programming System. A
walkthrough of the execution of a simple program can be found in the User’s
Manual.
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4.1 Example1: Solving a Quadratic Equation

In this section, the GDF language will be used to draw a program to solve a quadratic
equation.

For a quadratic equation
ax2+bx+c¢c =0,

if the coefficients a, b, ¢ are given, the roots x; and x can be found by using the
formulae

x1 = (-b + V(b2 -4ac))/2a, and
x9 = (-b  V(b2-4ac))/2a.

The program is composed of three graphs, main, functionl and function2. The main
graph is the main program of this example, and the functionl and function2 graphs
are two subroutines. The main graph receives three input integers from the user,
and calls functionl and function2 to do most of the calculations. The functionl graph
has three imported parameters a, b, and c. It returns the result of b2-4ac to main
graph. The function2 graph also has three imported parameters a, b, and the output
of functionl. It does the rest of the calculation to find the roots x; and xg, and to print
out their values. After receiving the return value from function2, main terminates.
The program graphs are shown on the next two pages.

This example covers most of the arithmetic operators, negation operator, constant
operator, input, and output operators. It also shows how to program in several
functions in a program, which is a very common and useful scheme for structured
design in the prevailing computer languages.
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call

function1

call

\unctlonZ

Main function graph of Example 1
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begin

end

Function1 function graph of Example 1
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begin

end

Function2 function graph of Example 1
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4.2 Example2: Calculation of Factorials
The factorial of a positive integer N is defined as
NI=N*(N-D*(N-2)*...*1
It can be programmed in computer language by using iteration to do the calculation.

This example is composed of two graphs, main and factorial. Main is the main
program of the example. It requests the user to input an integer, calls the function
factorial to compute the factorial, outputs the value returned from the factorial, and
terminates the program. Factorial is a subroutine to calculate the factorial. It
returns 1 if the imported parameter is one or zero, and returns the factorial for some
other positive integer number. The program graph is shown in next page.

The purpose of this example is to show a way of doing iteration in the GDF language.
The graph covers conditional testing, arithmetic, switch, and distribute operators.

input

call

factorial

Main function graph of Example 2
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end

Factorial function graph of Example 2
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4.3 Example3: Finding the Fibonacci Number using the Power
algorithm

The Fibonacci Series may be defined by the second-order linear recurrence relation:
Fo=0;, F1=0; Fho=Fp1+ Fpo n > 1.
In order to solve this recurrence relation, first notice that
Fpn = can will be a solution if can-2(a2-a-1) = 0.
The solutions of interest are the roots of the indicial equation a2-a-1= 0,
thatis a=1/2(1 £ V5).
The general solution of the recurrence relation is therefore
Frn=c1*(1/2(1 + V5)n+ cg*(1/2(1 V5)n,
Finally, the coefficients can be determined by using the initial conditions Fg, F1.
cl = 1/V5, ¢2 =-1/V5.

This example is composed of three graphs, main, fibonacci and power. Main graph is
the main program of the example. It requests the user to input a number, calls
fibonacei, outputs the result, and terminates the program. Fibonacci graph returns
zero if the inported parameter is zero, returns one if one, and for the other inputs, it
calculates (1/2 (1 + V'5)), (1/2 (1 - V'5)), and calls power to calculate the power of n.
At the end of graph, it returns the value we want. Power graph is used to compute
the nth power of a number which is greater than one.
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input

—i—0

call

fibonacci

. Sae—

Main function graph of Example 3
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begin

call

&OWEI‘

call

pow

end

end

Fibonacci function graph of Example 3
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begin

end

Power function graph of Example 3
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4.4 Example4: Finding the Fibonacci Number using Recursion

Example 4 employs recursive programming techniques to calculate the Fibonacci
Series.

Fn = Fn-1 + Fn-2, forn > 1,

If we want to get the value of F5, the program will compute F4 and F3 first. For the
F4, it will compute F3 and F2, and compute F2 and F1 for the F3. The program keeps
on calling itself to approach F1 and FO which will return value 1 and 0.

The program is composed of two graphs, main and fibonacci. Main is the main
program of the example. It requests an integer from the user, calls fibonacci to
compute the fibonacci number, prints the answer, and terminates the program.
Fibonacci returns zero if the imported parameter value is zero, one if the imported
parameter value is one. If the imported parameter value is N, (N > =2), the
fibonacci graph calls itself twice to compute the fibonacci number of N-1 and N-2,
then adds the returned values from these two calls, and returns the sum to main.

This example reveals the capability of GDF language to handle recursive
programming. A function can call itself to form a recursive function call. Its own
graph is displayed again without any tokens at the beginning of the execution. After
the newly called function is returned, the original graph is displayed and continue
the execution from the operator preceeded by the function call operator. The
complete program graphs are shown on the next two pages.
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input

—1—0

call

fibonacci

E(

Main function graph of Example 4
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begin

call call

fibonacci fibonacci

end end

Fibonacci function graph of Example 4
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5. Project Implementation and Data Structures

This chapter discusses the details about how the GDF programming system was
implemented. It describes the implementation environment, the data structures of a
graph and the data structures used in the simulation of the execution of a graph, and
ends with discussion of the capability of error detection of the system. The memory
needed for the application program graphs and the memory needed in the simulation
of the execution of the application program are run-time dynamically allocated.

There is no limitation over the number of instructions (nodes) that a program can
have.
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5.1 Implementation Environment
5.1.1 Language

The GDF Programming System programs were written in C programming
language. The reason for choosing C language instead of those high level
programming languages which support concurrent programming architecture was
because that many Unix™ system function calls were used. The C language
supports very convenient interfacing with the system calls, allows separation
compilation, and supports bitwise operations.

5.1.2 Hardware Configuration

The GDF programming system was built on AT&T Unix™ PC, using standard
input, a mouse, and standard output. The AT&T Unix™ Personal Computer is the
first personal computer which runs Unix™ Operating System. In the general
configuration, it has a 20 or 40 Megabyte hard disk drive, one floppy disk drive, one
Megabyte RAM, a 720 by 348 resolution monitor, a standard keyboard, and a mouse.
A stand-alone system, it can also use its internal built-in modem to connect to a host

computer to serve as a terminal.

The AT&T Unix™ PC screen is an area of 720 pixels wide and 348 pixels high,
corresponding to an 80-column by 29-line character display. Each task is viewed in a
window. Default window size is set by the application with or without border.
Several windows can be opened simultaneously on the display, but only one window
at a time, the active window, can receive inputs from the keyboard and the mouse.
The Graphical Programming System uses a full screen window without border, and
many auxiliary windows for editing graphs and displaying messages.

5.2 Data Structure of a Graph

A graphical dataflow language program is composed of one or many function graphs.
Each of the graphs is a directed graph, and consists of a number of nodes and directed
arcs in which each node represents an operator or function and each directed arc a
medium over which data items flow. When a graph is executed, tokens are
generated from some firing nodes, and flow on the arc as directed from the output
port of a node to an input port of a node. If all the necessary input tokens have
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arrived, the node is executed; its input tokens are consumed, and an output token is
then generated. In this section, the data structure of tokens, node, arc, function, and
program graph are discussed.

5.2.1 Token

The figure below shows the structure of a token.

. : . >
Y : Y
token_type ¥ next_token
token_value

symbol of a pointer

Data Structure of a Token

token__type:  The type of a token value. It could be 1, 2, 3, or 4. The numbers
stand for INTEGER type, CHARACTER type, REAL NUMBER
type, and BOOLEAN type respectively.

token__value: The value of a token. It is a union structure which is defined for
containing integer, character, boolean value, and double floating

number.

next__token: A pointer points to another token structure. This field is not used
in current implementation. It may be useful if the dataflow
computer is simulated as a dynamic dataflow simulation.

A dataflow computer can be implemented in two ways, static execution and dynamic
execution. In the static execution model, a fireable node will not fire (generate an
output token) until its previous generated token is consumed or absorbed by its
destinated node. In this case, each arc in the graph only takes at most one token
during the run-time. For the dynamic execution model, every fireable node fires
when all the necessary input tokens have arrived no matter whether the previous
generated token has been consumed or not. It the previous token has not been
consumed, the newly generated token will be queued on the input port of the
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destinated node. The dataflow computer simulator implemented in the GDF
programming system follows the static execution rule. So that the next_ token field
in the token structure is not used in current implementation.

5.2.2 Node

Each node in the graph is one of the operators available in the system. It can be a
simple operation, a comparison, or a function which accomplishes complicated
operations and returns a single token. The data structure of a node contains the
information which describes the node itself on the graphical display and represents
its run-time status. Two other data structures are used in the node structure. They
are the data structure of port and the data structure of property. The figures below
show their organizations and relationships.

N N N A P A I

Yy : EANS

token_exists V V token V

my_port_num ,&conn_port_num next_port

conn_node_num

Data Structure of a Port

token__exists: A flag contains TRUK if a token exists on the port, or FALSE
if there is no token on the port.

my__port__num: The port number of the port. A node can have several input
ports and output ports, these ports are assigned a number by
the system.

conn__node__num:The node number of a node which is connected to the current
node. The current node is the node which contains this port
structure.
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conn__port__num: The port number of a port which is connected to the current
port.

token: A pointer points to a token structure. The token structure
carries a token which is generated by the preceded node.

next__port: A pointer points to another port structure.

Y ; Y
type \j prompt
name

Data Structure of a Property

type: The type of a token which is generated by CONST node or INPUT node.

name: The name of a function which is used when a CALL node is created on a
graph.

prompt: A user can create his own prompt strings to use when the INPUT and
OUTPUT nodes are executed.

The property structure is only used for CONST node, INPUT node, OUTPUT node,
and CALL node to hold the information of a token, the name of a function, or the
prompt string.

. |: |:1 |: I:? I | |:f I:Y I
A VE A Ve Ve
' : Y : Y  xpos Y : Y

node numV ) : :
- . input_arc output_arc _pos next_node
op_code Y P Y P y-p Y

input_num  output_num my_property

Data Structure of a Node
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node__num:

op__code:

input_num:

input__arc:

output num:

output__arc:

X__pos:
y__pos:

my__property:

next__node:

5.2.3 Arc

The node number of a node. The system assigns a number to a
node when the node is created on the current edited graph.

The type of the operation of a node. Each operator available in
the system has a pre-defined constant name for it, such as ADD,
INPUT, CALL, and etc.

The number of input ports that a node can have.

All the input ports of a node form a linked list and the linked list
is pointed by this field.

The number of output ports that a node can have.

All the output ports of a node form a linked list and the linked
list is pointed by this field.

The X coordinate of the position where the node is located.
The Y coordinate of the position where the node is located.

A pointer points to a property structure if the node is one of
INPUT, OUTPUT, CONST, or CALL.

A pointer points to another node structure.

An arc is a line segment, connecting an input port of a node to an output port of a

node. Its data structure contains the information of the two nodes it connects. The

data structures of arcs are useful in the graphical display.

p1x

p1_ node num p2_ node num

map_x2
p1_port_num p2_map_num p map_y2

HI

|P1 ] T I |l’|

P1_y

map_x1 4 p2x ‘ p2_port_num

p1_map_num map_y1 p2_y next_segment

Data Structure of an Arc
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pl__x:

pl_y:

pl_node num:

pl_map__num:

pl__port_num:
map__x1:
map__yl:
p2__x:

p2__y:

p2_node__num:

p2__map__num:

p2__port__num:
map__ x2:

map__y2:

next___segment:

The X coordinate of the first end point of the line segment.
The Y coordinate of the first end point of the line segment.
The node number of the first node that the arc connects.

The map number of the first node. The map number is the
same as the op__code which is used in node structure.

The port number of the output port that the arc connects.
The X coordinate of the first node’s bitmap.

The Y coordinate of the first node’s bitmap.

The X coordinate of the second end point of the line segment.
The Y coordinate of the second end point of the line segment.
The node number of the second node that the arc connects.
The map number of the second node.

The port number of the input port that the arc connects.

The X coordinate of the second node’s bitmap.

The Y coordinate of the second node’s bitmap.

A pointer points to another are structure.

5.2.4 Function

The graph of a function is composed of a number of nodes and arcs. The data
structure of a graph contains two linked list, one for the nodes and one for the arcs.
They are linked lists of node structure and arc structure respectively. Every
function graph has a data structure to maintain the node and arc informations. It is
named as funct__head, its data structure is shown on the next page.
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next_node next_segment

A 4

I-r - Lela 0,1
Yy oy S N Ny

name syntax next_function node count

Data Structure of a funct__head

name: The name of the function graph. (e.g. the function name)

syntax: A flag reflects the status of connections is OK or not. A function
can be executed only when this flagis TRUE.

next__function: A pointer points to a function’s funcé__head structure. This field
is useful when a program has more than one function.

next__node: A pointer points to a node structure which is used as the head of
the linked list of node structures.

next__segment: A pointer points to an arc structure which is used as the head of
the linked list of arc structures.

node__count:. Thisfield keeps track of how many nodes that a graph has.

During the editing of a graph, when a node is copied from the operator menu panel
and located in the scratchpad, a block of memory is allocated for the node structure
and the informations of the node are recorded in pertinent fields. The pointer of the
block of memory is appended to the end of the node linked list. When a node is
deleted from the scratchpad, the data structure for the node is deleted from the
linked list and the memory occupied by the node structure is released. Same
situation happens on arcs. When two ports are connected to form an arc, a block of
memory is allocated for the arc, and informations of the arc are recorded in the
pertinent fields. The pointer of the block of the memory is appended to the end of the
arc linked list. When the arc is deleted, the data structure for the arc is deleted from
the arc linked list and the memory occupied by the arc structure is released. When
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the user applies a move operation on a node, the related informations are updated in
both node and arc data structures.

5.2.5 Program

Combine the discussion and presentation of the data structures in the previous
sections, a complete program data structure is shown on next page. An extra
funct__head structure is used as the head of the function linked list.

The GDF programming system efficiently exploits the usage of memory, because all
the memory for data structures is run-time allocated, consistently, the memory is
released immediately whenever the structure is not used any more.

GDF Programming System - Project Implementation and Data Structure 57 -



a1n3onu3s ejeq pue uoljeuawa|duf 139/0.d -- WIISAS DUlW WeIwe.d 1JD

weiboud e o ainjonuys eyep |esduab

[ Vo N
1Sl paXul|dJe
— uod
1iod — _ =
® o o«
1sl] payul] apou
peay uoluny
® o«
— 1s1| paxul] dJe
- -
- .
fuadosd LI T < ———
. .A..

151] pasul| apou
peay uoduny

peay weiboid



5.3 Dataflow Simulation

The dataflow simulation in GDF programming system follows the static execution
rule. A node is fireable when all the necessary input tokens have arrived and the
previous generated token has been consumed by the successive operator. All the
fireable nodes are maintained in a linked list which is call enabled node list. Every
function in a program except the main function is invoked by a CALL operator. The
called function will be duplicated, and the duplicated function is stacked. A function
can be called as many times as necessary, and is allowed to call itself recursively. A
block of memory is allocated for a token structure when a token is generated. The
pointer of the token structure is placed in a port of the destinated node. Tokens are
generated by firing and consumed by executing a node.

5.3.1 Basic Data Structures

Two data structures are used for dataflow simulation. They are node__exec and
funct__exec. The figures below show their structures.

[Er |:r
Y N N N

exec_ node next exec_ node

Data Structure of a node__exec

exec__node: A pointer points to a node structure which is a fireable node in
the node linked list.

next__exec_ node: A pointer points to a node__exec structure where records the
next fireable node.

A linked list of node__exec structure constitutes the enabled node list, a structure we

have discussed in chapter 4.
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LT .4 |-._r 1
TONpy N ’;‘\b “Np

f queue_head A
the_funct the_last node next_exec_funct

Data Structure of a funct__exec

the_ funct: A pointer points to a funct__head structure. When a function
is duplicated, the address of its funct__head structure is
placed in this field.

queue__head: A pointer points to a node__exec structure. This field contains

the head of the linked list where all the executable nodes are
queued; the linked listis the enabled node list.

the last node: A pointer points to a node__exec structure which is last object
in the enabled linked list. If the content of the the last_ node
is the same as queue__head, then, it means that no more
fireable node exists. The function should either returning a
token and terminates itself, or aborted because of deadlock or
starvation.

next__exec_ funct: A pointer points to a funct__exec structure. The function
pointed by this field is the previous executed function which
will resume its execution after the current function execution
returns token.

53.2 Run-time Data Structure

Two variables are used during the run-time simulation, one is stack__base, and the
other is top__of _stack. Both of these two variables are pointers which point to
funct__exec structures. The figure on the next page shows the run-time data

structure.
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5.4 Bitmap and Display Control

The AT&T Unixm PC screen is an area of 720 pixels wide and 348 pixels high. The
graph editor uses the top 720 by 300 for scratchpad and operator menu panel, and the
bottom 48 lines (4 text line, line height 12 pixels) for displaying messages.

54.1 Bitmap

All the operators, digits, characters displayed on the top 720 by 300 area are formed
in bitmaps which are two dimensional arrays. An operator icon is contained in a 48
pixels wide and 37 pixels high box, and in memory, it is expressed in a structure with
3 short integers in X dimension and 37 rows in the Y dimension. A digit or standard
size character is contained in an 8 pixels wide and 8 pixels high box, expressed in a
structure with 1 byte by 12 rows in memory. In additional to the operators, digits,
characters bitmaps, the system needs a bitmap for the entire screen, which is 45 x
300 short integers memory block. These information about a bitmap is contained in
a bitmap data structure. The figure below shows the structure.

: | |31
Y Y v,

h map __ ptr

Data Structure of a Bitmap

w: The width of a bitmap. It is expressed in the number of short
integers. One short integer consists of 2 bytes which is 16 bits, and
can hold the values of 16 pixels.

h: The height of a bitmap. Itis expressed in the number of pixels.
map__ptr: A pointer points to an area of memory used by the bitmap.

One bit of memory holds a 0 or 1, which reflects the status of one pixel on the screen.
If the bit value is 0, after mapping the memory onto the screen, the related position
pixel will be turned off, which will display a dark spot. If the bit value is 1, after
mapping the memory onto the screen, the related position pixel will be turned on,
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which will display a bright spot. The mapping between a memory bitmap and screen
display is shown below.

mapping

IRRERRRRRRRRRRE |
1000000000000041 1x4
100000000000000x1
1MM11111111111 1

one short x 4 rows

in memory :
4 short integers

part of screen

5.4.2 Display Control

The system employs an ioctl system call. The ioct! call performs a variety of
functions on character special files (devices). One of the functions, WIOCRASTOP is
used in system programs to access window’s pixel data. The WIOCRASTOP function
performs raster operations from source to destination, which could be memory to
memory, memory to screen, screen to memory, and screen to screen. The display
screen can be refreshed very quickly for the benefits of the fast speed of the raster

operations.

Both the memory of the source and destination planes are rectangular areas. The
basic behavior of raster operation conforms to a vector description
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destination = destination operation (source operation (source, pattern))

where the pattern is an array of 16 x 16 pixels arranged as 16 consecutive shorts.
There are five source operations, SRCSRC, SRCPAT, SRCAND, SRCOR, SRCXOR;
and five destination operations, DSTSRC, DSTAND, DSTOR, DSTXOR, and
DSTCAM. SRCSRC is the identity function whose value is the unmodified source
rectangle itself. SRCPAT’s value is that of the pattern and bears no relationship to
the source. SRCAND is the AND of the source and the pattern; SRCOR, the
inclusive OR; SRCXOR, the exclusive OR. DSTSRC is the identity function,
returning the result of the source operation unchanged. DSTAND is the AND of the
destination with the result of the source, DSTOR is the inclusive OR, and DSTXOR
the exclusive OR. DSTCAM AND’s the one’s complement of the source operation
into the destination.

The system uses SRCSRC to combine with one of DSTSRC, DSTOR, DSTAND, and
DSTXOR operations to refresh the screen, to display and refresh single object, to
malke flashing on the firing node, and to move bitmaps data around memory.

The system also utilizes Bresenhman’s algorithm in drawing the arcs on the screen
bitmap. Some transformation and rotation matrix computations are needed in
drawing the arrows of arcs.

5.5 Error Detection

The GDF programming system is capable of detecting errors for the user in editing a
graph or executing a program. The complete set of warning and error messages are
listed and explained in the User’s Manual.

5.5.1  Graph Program Syntax

To edit a dataflow program in the GDF programming system, unlike writing a high
level programming language, the user does not have to worry about the order of
locating operations, spaces, precedence, parentheses, or semicolons. But a set of
simple rules should be followed in the editing of the graphs of a program.
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Before executing a program, all the necessary arcs should be connected.
A program can only have one START node.
A function can only have one BEGIN node, but can have multiple END nodes.

oo e

In connecting an arc, the node with the output port should be selected first,
then the node with the input port can be selected.

5. The copied operator can only be located inside of the scratchpad area.

5.5.2 Run-time Error messages

Various of messages will be displayed in an error message window when the
program execution encounters an error which may cause the execution to be aborted.
The errors include deadlock, starvation, insufficient memory , type inconsistent of an
operator, or improper termination of a function or program.
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6. Program Description

The system programs of the GDF Programming System were written in C
Programming Language, and utilize structured module design. The system
programs structure and description of each function are described in this chapter.
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6.1 Program Organization

The complete system programs are composed of two .h files, main.c, and eleven
gdf n.c files (n is in [1..11]). For these gdf n.c files, functions which perform
related operations are grouped in one file. The details of the file contents are
explained in next the three sections. The diagram below shows the organization.

Main.c
Gdf _types.h Gdf_const.h
Gdf 1l.c Gdf _4.c Gdf 7.c Gdf 10.c
Gdf 2.c Gdf 5.c Gdf _8.c Gdf 11.c
Gdf _3.c Gdf _6.c Gdf 9.c

6.2 System Process Diagrams

The process diagrams of the system are shown in this section. Each diagram shows
one level of the relationship between the calling function and the called functions.
Each block contains the name of a function (or process) and a level label which shows
the position of that function in the hierarchical structure. The functions that
introduced in solid line rectangles in the called function level perform basic
operations and do not call any other system functions. The functions that introduced
in dash line rectangles do call some other functions, and their hierarchy structure
will be shown in another diagrams. The relationship can be traced by following the
level number. These functions introduced in double solid lines rectangles have their
own structure which has already been illustrated in previous diagrams.
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function__name I SESESEE

9.3.2.13.25.14
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1= =3 The function in a block with dash line border stands for the
= mn * oot of the tree or a subtree.

The function in a solid line block does the basic operation
without calling other system functions.

The function in a shaded block is the root of a subtree, and it
calls some other system functions.

The function in a double solid line block is the root of a
subtree, and the subtree has been shown in previous graph.

System Processes Diagram Overview
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6.3 Gdf_*.hFiles
6.3.1 Gdf _types.h File

This file contains the definitions of the data structures used in the system.

Bitmap structure specifies the width of the bitmap in number of unsigned
short, the height of the bitmap in pixel, and a memory pointer which
points to an area where it contains the actual pixel values.

Funct head structure keeps the head of a linked list of a function graph,
which contains information about a graph.

Op__node structure keeps the information of a node in the graph. The
information includes the node number, operation code, number of input,
number of output, a pointer points to an input port, a pointer points to an
output port, coordinate of the first pixel, a pointer points to a property
structure, and a pointer points to next node in the node linked list.

Port structure keeps the information about a port of a node. The
information includes a token__exists flag, port number of itself, node
number of the node it connects, port number of the port it connects, a
pointer points to a token, and a pointer points to next port.

Property structure keeps the information for each of a CALL, INPUT,
OUTPUT, or CONST node. It contains the type of a token which the node
has or will have, a string for keeping the name of a function, or the value of
an input, or the type of a constant, and another string for keeping prompt
string.

Conn node structure keeps the information of a node which is connected
to sorr; other node. The information includes the port number, node
number, and a pointer points to the node.

Node highlight structure keeps the information of a highlighted node.
The information includes node number, map number (operation code),

coordinate, and a selected flag.

End pointstructure keeps the information of the end point of an arc. The
information includes node number which the end point belongs to, map
number, port number, coordinate of the map, and coordinate of the point.
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-- Line__segment structure keeps the information of an arc. The
information includes end points’ coordinates, their node numbers, map

numbers, map coordinates, and a pointer points to next segment.

-- Seg_highlight structure keeps the information of a selected arc. The
information includes end points’ coordinates, node numbers, map numbers,
and a selected flag.

-- Tokens structure keeps the type and the value of a token.

-- Funct exec structure keeps the execution stack information. It includes
a pointer points to a function graph linked list, a pointer points to the head
of a linked list of node__exec structure, a pointer points to the last executed
node__exec structure, and a pointer points to the next execution stack
element,.

-- Node _exec structure keeps a pointer points to the currently executed
node, and a pointer points to next node__exec structure.

6.3.2 Gdf__const.h File

This file contains the definitions of constant names. The constant names
include the names of the operator icons bitmaps, character fonts
bitmaps, editing commands, sixteen special bitmaps which are used in
display control, window names, TRUE, FALSE, ZERO, WAIT,
IN PORT,OUT_PORT, MaxView, and MaxMaps.

Most of the constants used in the GDF Programming System are defined in
this file. Some constants names (e.g. constants used in act__execute) are
defined in gdf _ 9.c file locally.

6.4 Main.cFile

This file contains the main function of the system. The main function starts
with setting up the processes for window access since all the display, editing,
and simulation will be done in several different windows. Then the system
allocates memory for system bitmaps which include windows’ bitmaps,
operator icons bitmaps, character fonts bitmaps, and several special bitmaps
which helps in displaying options, command request box, and command
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list.The system reads all of the information of operator icons and character
fonts from external files, and places the pixel values in corresponding
bitmaps. Some display screens are then setup successively. Finally, a menu is
displayed to let user choose the options he wants. The diagram drawn below is
the function diagram of the main function.

start

Y

set up the processes for window access
allocate memory for the system bitmaps
load operation icons and character fonts
set up special bitmaps
display welcome message

display introduction messages if necessary
1

edit and execute dataflow program

loop

Y

edit operator icons

edit characters fonts

Y

terminate program and return to text window

Main Function Diagram

6.5 Miscellaneous Files
The functions contained in gdf__1.c through gdf_11.c files are described in

this section.
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6.5.1 Gdf_1 .C

This file contains 18 functions which perform graphics related operations.

new window:

This function opens new windows for the system according to the specified border
type, size, and location.

select window:
This function is called to assign current window.

new _map:
This functions allocates memory to one new bitmap.

rd_ pixel:

This function reads the pixel value from a specified pixel on the specified bitmap.

wr_ pixel:
This function writes a zero or one to a specified pixel on a specified bitmap.

toggle pixel:
This function toggles the pixel value.

toggle cell:

This function toggles a cell whichisa square and part of a bitmap.

fill:

This function fills the desired bitmaps with specified pixel value. The size and the
location of the area which is to be filled must be specified.

rfresh:
This function is called to refresh a bitmap on the screen. The bitmap number is passed
as a parameter.

wrastop:
This function is called by function “rfresh”, and sets up a data structure, then calls the
“joetl” function to do the raster operation.

clear:
This function clears a bitmap by assigning zeroes to the memory locations which are
used by the bitmap.

enable mouse:
This function enables the mouse into operation. Um.um__icon is set to NULL at most
of the time, but when the flag CARRYING or MOVING is TRUE, um.um__icon is
allocated an area of memory and assigned a new icon to change the mouse cursor.

read locator:
This function reports the mouse situation. The location of the mouse, the clicked
button and the situation which is one of MouseDown, MouseUp, Mouseln, and
MouseOut. This function always reads the first set information about the mouse
location from the buffer stream.
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put__message:
This function displays a message on the lower part of the screen. The line number and

message have to be specified and passed as parameters. Constants for the line
numbers are WITXTPROMPT, WTXTCMD, WTXTSLK1, and WTXTSLK2.

erase message:
This function erases one line message from the lower part of the screen.

terminate:

This function terminates the program by closing window and calling the “ioctl” to
return the window to standard display.

alloc_ window__maps:
This function allocates memory to window bitmaps.

alloc icon maps:
This function allocates memory to icons and characters.

6.5.2 Gdf _2.cFile

This file contains 14 functions which perform the operations needed in

starting the program, editing icons and fonts.

welcome message:
This function displays a welcome message on the screen.

draw_frames:
This function draws the frames for scratchpad and menu on the FRAME bitmap.

make frame:
This function makes a frame for any specified bitmap.

maps setup:
This function does some preparation work on several bitmaps <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>