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INTRODUCTION

Historically, the expansion of mathematics has been motivated by the expanding needs of
science and engineering. Starting with the integers, mathematical notation progressed to
fractions, rational numbers, real numbers, complex numbers, and vectors. Einstein introduced
tensors to deal with the increasing dimensions of time, velocity, and acceleration. In the 1950s,
engineers developed the more general State Space framework to describe complex dynamic
control systems in the continuous or discrete time domains, see for example, [6], [18], or [19].
Each of these extensions was driven by the desire to reduce the effort required to solve complex
problems. The underlying theme has been to find the best coordinate system or space in which
to represent a problem. Given the correct choice, problem solutions may be simplified
substantially.

As problems have become more complex, the spaces required to simplify their solutions
have also become more complex. It is not unusual to find a state space or state vector with 100
or more state variables. In addition, the state space may be organized hierarchically for further
simplification of understanding. For example one may have subvectors describing position,
orientation, velocity, acceleration, etc., where each subvector may contain multiple components.
One readily observes the benefits of organizing a space hierarchically to simplify its use and
understanding. We note that this principle has been applied to the control of large complex
organizations for thousands of years.

The essence of this paper is to show how the field of mathematics can be expanded to
simplify complex software design, and how the field of software can benefit substantially from
corresponding increases in productivity. As shown below, software spaces are hierarchical
databases. Using this concept, we introduce Generalized State Space as the mathematical
framework to support the solution to complex software problems. Software databases used to
solve complex software problems are Generalized Spaces or State Vectors. Software algorithms
are Generalized Transformations on these spaces. Design of the spaces (databases) is key to
simplifying the design of corresponding transformations (algorithms) performed by software,
including their future enhancement as requirements grow. To do this requires expanding
mathematical notation beyond that of numbers. The approach described here was first
implemented by the authort in 1982 when designing a CAD system for discrete event simulation
to run on parallel processors.

As we increase the complexity of spaces used to characterize complex systems, their
corresponding laws and transformations continue to apply and their interpretations are extended
to be more general. Most important, each step enhances the ability to deal with increasing
complexity. We will use examples to demonstrate these effects.

T The author is with Visual Software International (www.VisiSoft.US)
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FRAMEWORKS FOR REPRESENTING COMPLEX DYNAMIC SYSTEMS

The position of a body in space can be described in various coordinate systems, and
problems involving dynamic motion can be solved more easily if we select the “best” space.
Best is measured by ease with which problems are solved, where a practical measure is the speed
of solving problems when taking tests in partial differential equations. The classic example is a
particle in spherical orbit. Whereas it is relatively easy to describe its motion in spherical
coordinates, the complexity increases considerably using Cartesian coordinates. In addition to
simplifying the representation of a system, a good choice of state variables can make
computations much faster.

In 1982, a discrete event simulation system was developed based upon an expansion of
the State Space framework. A description of this facility is provided in Simulation Of Complex
Systems, see [3]. Using this approach, models containing complex decision algorithms are
described in terms of a “Generalized State Space Framework.” In this expanded framework,
Generalized State Vectors contain words as well as numbers. Generalized State Transformations
may contain IF ... THEN ... ELSE ... statements, as well as others needed to produce a complete
algorithmic language. This expanded framework was designed to support model validation and
development of simulations on parallel processors, but soon became the basis for an approach to
building software. A more limited expansion of state space was subsequently devised for
describing discrete event systems as applied to control theory. That concept includes alphabets
as a generalization of numbers, see [16], and [17].

As indicated above, the position of a body in space can be described in various coordinate
systems, and dynamic problems can be solved more easily if we select the right coordinates or
space. Selection of the most convenient coordinate system is typically taught in courses in linear
systems or differential equations under the topic of separation of variables. One learns that
separation can be used if the variables form a linearly independent set. The property of
independence can be verified using well-known tests. The concept of choosing the best
coordinate system (state vector) and the property of independence are important principles that
can be applied to reduce the effective level of complexity with which one must deal. We make
use of these concepts to simplify software development.

SELECTING CONVENIENT COORDINATE SYSTEMS

In the early 1960’s, electronic circuit designers developed automated tools for solving
complex systems of nonlinear differential equations required to simulate electrical networks.
These Computer-Aided Design (CAD) tools allow engineers to describe networks graphically
and write equations describing nonlinear components. Programming skills are unnecessary. The
code required to run simulations of large complex networks is generated automatically. This
provides a huge improvement in design productivity (from months to hours).

For large networks, the number of state variables may be in the thousands. Solving
design problems may involve optimization runs using thousands of simulations. Each simulation
may involve hundreds of nonlinear differential equations. Speed and accuracy are the driving
forces in designing these CAD systems. If a computer takes days to produce a design, only a few
test points are produced in a week. This provides motivation to drastically cut the time to obtain
a solution. It has led to special approaches to gain multipliers on speed.
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One approach uses transformations to greatly simplify the matrix inversion process that
generates solutions. In CAD circuit design systems, one uses optimal sparse matrix inversion
techniques, see [11] and [12]. This speeds solution of the linear part of the problem. When
circuits contain nonlinear components, e.g., transistors operating in the nonlinear range, one must
also solve the nonlinear problem. Because electrical time constants are so short, one must
“balance” the system of nonlinear equations at each time step. The use of describing functions is
the fastest approach, and is most reliable from a convergence standpoint.

Both techniques depart from standard mathematics. The optimal sparse matrix inversion
problem requires decision algorithms to interchange rows and columns in the matrix. Using an
even faster approach - symbolic solution, one may apply more complex decision processes to
generate a symbolic set of equations that represent a solution using the minimum set of
mathematical operations. This resulting set of equations must then be translated to run as part of
the software solving the overall problem.

When solving the nonlinear problem, describing functions involve table look-up
procedures to determine the line segment containing the operating point of the solution. This can
be done very rapidly for hundreds of nonlinear coefficients in a large system of equations. These
techniques require decision software to gain speed. This software operates on variables that
describe the state of the algorithms as well as the numeric vector state of the system of equations
being solved. So part of the solution is defined mathematically, and part of it requires algorithms
using decision processes. In all of these cases, one can replace the decision processes with
standard mathematical approaches, e.g., the use of step functions in engineering. However, the
mathematics quickly becomes intractable, and solution times become unacceptable.

Discrete Event Simulation

Prior to the 1960s, CAD tools for dynamic system design were based upon mathematical
models using vectors and matrices. Software decision algorithms were used to solve systems of
nonlinear equations. When modeling communications or control systems involving algorithmic
decision processes, this mathematical formulation presents severe limitations. Modelers want to
embed conditional statements within systems of equations. This requirement is supported using
discrete event simulation, originally developed by Gordon in 1961, see [7], [8] and [9].

A MORE GENERALIZED PROBLEM FORMULATION

The approach described here adopts State Space as the basis for discrete event simulation.
This is because State Space provides a convenient mathematical framework for representing
most any type of dynamic system. The general formulation may be applied with any set of state
variables. The approach described here supports development of generalized decision algorithms
that can be integrated easily into mathematical frameworks, e.g., optimal sparse matrix inversion
and the use of describing functions. Most importantly, this approach has bred solutions that
provide order-of-magnitude reductions in run time, and simplify the use of parallel processors. It
extends the problem solution space beyond current mathematical frameworks, including those
known as “discrete event systems” or “discrete event mathematics,” as described in [17].
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Development of a discrete event simulation environment based upon the state space
framework was motivated by the requirement for embedding decision algorithms within
mathematical models. For example, communication system modelers want to embed natural
language conditions within models as shown below.

IF MESSAGE_TYPE IS CONTROL, THEN .. ,

ELSE
IF MESSAGE_TYPE IS DATA, THEN ..

Major shortcomings of existing discrete event simulation tools, e.g., lack of scalability
and excessive run-times, led to an investigation of how to formulate the basis for fast solutions in
large problem spaces. This resulted in the development of a complete and consistent state space
definition of discrete event simulation. A summary of this is provided in the Appendix of
Simulation Of Complex Systems, see [3]. In that reference, the Generalized State Space approach
presented here is compared to more common mathematical formulations of state space. (We
note that this work was done in 1982 as part of the development of the General Simulation
System (GSS), a product that has been in the international market since 1983, see [10]).

Achieving Run-Time Speed - The Property Of Independence

In 1982, simulations of large mobile communication systems required 5 to 7 days to run
a 2 hour scenario. This led to a major design requirement for GSS - the ability to run these
simulations on a parallel machine. This implies that two or more processest must be able to run
concurrently on separate processors. This requires that the concurrent processes must be
independent. The property of independence implies that the processes share no data. This led to
the decision to separate data from instructions so that the independence property could be
tracked. The design called for a connectivity matrix showing which processes share what data.
Then when allocating processors to processes, the connectivity matrix can be used to determine
if a process can run concurrently with those already running.

Modularity & Independence - The Separation Principle

As implied above, creating software to take advantage of a parallel processor requires
that the software be decomposed into independent modules that can run concurrently. This
requires decomposition of the software design along the lines of the inherent parallelism of the
system it represents. Like all complex systems, this is embodied in the architecture, a concept
that has been misunderstood in software. This is because architecture describes connectivity,
i.e., how a module is connected to other modules. Engineering architectures represent the time-
invariant properties of a system - not flow of control (they are not flow charts).

Descriptions of architecture are not convenient using algebraic or linguistic
representations. Like other engineering fields, software architecture is best described with
drawings, depicting how modules are connected. Only then can one visually observe
independence - the key property supporting concurrency. Flow charts - or graphical variations
on flow charts - are of little use when describing the property of independence.

T Process as used here is similar to an assembler language subroutine that contains only instructions
that reference only external data structures (automatically by pointer). It has no relation to a UNIX process.
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Thus, a software development environment designed to support parallel processing must
support a designer faced with creating an architecture of independent modules based upon
knowledge of the inherent parallelism in a system. To accomplish this, one must separate data
from instructions at the design interface level so that independence (or lack of it) is clearly
recognized. Defined by Cave in 1982 in the design of the General Simulation System (GSS),
this has become known as the Separation Principle, [13].

The Generalized State Space Framework

The Generalized State Space framework capitalizes upon the concepts of State Space
developed for control theory by extending the mathematical definitions of vectors and
transformations. We start with the concept of a Generalized State Vector. Instead of restricting
a vector to numbers, it can take on states described by words. For example, the state LIGHT
may take on the values RED, YELLOW, or GREEN. In addition, transformations on a state
need not be restricted to mathematical operations. For example, we may want to say IF LIGHT
IS YELLOW, SET LIGHT TO RED, a Generalized Transformation. Given this facility, one
may view a computer program as consisting of generalized state vectors (data) and
transformations (instructions).

Using the Generalized State Space framework, the Separation Principle is achieved by
storing all data in resources that generally contain hierarchical data structures. Resources are
depicted as ovals in architectural drawings as illustrated in Figure 1. Processes, as defined
above, contain instructions in the form of hierarchical rule sets. They are depicted as rectangles
in Figure 1.

A SEQUENCE OF TRANSFORMATIONS

STATE STATE STATE STATE
VECTOR TRANSFOIRMATION VECTOR TRANSFOZRMAT\ON VECTOR TRANSFOgRMATION VECTOR
A C E G

TRANSFORMATIONS 02/16/08

Figure 1. State vectors and transformations.

Discrete event simulation models may be characterized in terms of generalized vectors
and transformations. This leads to a visualization of the connectivity properties of
transformations as shown in Figure 1. In this figure, generalized state vectors contain
hierarchical data structures. The generalized transformations contain hierarchical rule structures,
where a rule contains high level language instructions that implement algorithms.

In this example, each transformation has a dedicated state vector and a shared state
vector. Transformation-1 has state vector A as input, shares state vector C with transformation 2,
and has state vector B for dedicated use. When interactions are directly coupled, the actions of
one transformation immediately affect the state of the other. But, no matter how small, there is a
finite time delay between the operation of transformation 1 and the response seen by
transformation 3, reflecting the propagation of actions of physical systems.
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Transformation 1 is directly coupled to transformation 2 which is directly coupled to
transformation 3. However, transformations 1 and 3 can operate concurrently since they share
no state vector directly. Transformation 2 can operate when transformations 1 and 3 are idle.

Theoretically, one can determine the inherent parallelism in a system by creating a model
where the elements are represented by state vectors and transformations similar to that in
Figure 1. As shown below, a proper choice of state vectors will maximize the independence of
models, taking maximum advantage of the inherent parallelism, and optimizing concurrency.

Various authors have shown that any physical system may be modeled to within any
measurable degree of accuracy using the state-space framework, see for example [18] and [19].
From this we may derive that the inherent parallelism in a system may be modeled by
representing the operations of that system using the Generalized State-Space framework shown
in Figure 1. These models may be mathematical models, discrete event simulation models or
general software modules.

Using this concept, software functions may be considered as transformations on data.
Functional requirements may be translated into a set of vectors and transformations.
Mathematically, transformations may be performed using different vector spaces, some of which
are more efficient than others. As indicated above, the motion of a particle on a spherical surface
is most easily described in spherical coordinates. When working with graphics, it is most helpful
to understand different coordinate systems and transformations that are best used to visualize
different functions.

These concepts are significant when translating functional requirements into software.
When devising mathematical transformations, selecting the best set of independent state
variables is a critical part of finding the best solution. “Best” usually translates to speed which,
in turn, translates into minimum operation counts, see Hachtel et al, [12]. This concept applies
directly to software. Finding the best set of state vectors can make a huge difference in
transformational burden, greatly reducing development time as well as run time. When dealing
with complex data sets, design of the tables used for transformations of the data is usually key to
simplifying both the approach and resulting code. When taking advantage of inherent
parallelism in a system, one must determine the best architecture of software modules that can
run concurrently on parallel processors. Picking the best state vectors is key to solving this
problem. Again, best translates to simplicity of transformations and run-time speed.
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SOFTWARE ARCHITECTURE

Using the GSS CAD development environment, software architects decompose a system
into modules by grouping resources and processes into an elementary module. Hierarchical
modules are created by grouping modules into higher level modules. Figure 2 shows a library
module that is sufficiently complex to warrant its own drawing. In general, modules are
independent if they share no resources (i.e., they are not connected). Having developed an
architecture, developers can implement the data structures and rules using the resource and
process languages. These may be edited directly as illustrated in Figure 3. Figure 2 illustrates
how modules may be covered to hide detail. However, the languages do not permit the
declaration of scope rules. It is the architecture that determines the independence of modules.

Unless one has witnessed directly the development of such architectures, the above
discussion may take time to comprehend. Having used it, it is apparent that architecture as
defined here is critical to software design, with or without parallel processing. It is why
productivity multipliers are very high when using this CAD system, especially in the support
mode when a new person has to understand what another has built.

Taking Advantage Of Architectural Information At Run-Time

To take advantage of a parallel processor at run-time, the OS must map threads onto
processors to maximize the speed multiplier. A programmer faced with generating complex
algorithms should not be concerned with this problem. Similarly, a compiler will have great
difficulty trying to interpret an architect’s decomposition of modules from the code. Finally, the
operating system will not be very successful in determining where to map threads based upon
current run-time statistics, especially if they are nonstationary - as they are in most discrete event
simulations due to nonlinearities.

In the approach described here, architects decompose a system into large independent
modules. If there is sufficient inherent parallelism in the system, the vast majority of threads are
contained within independent modules. When threads in one module are independent of those in
another, they can run concurrently on separate processors.

This architectural information is contained in databases that support the CAD
development environment. A run-time system is then generated that uses this information from
the development environment to control OS calls that allocate processors to modules. It also
ensures that the resources (data) reside with the processes (instructions) that use them. If there
are enough processors to house the independent modules, load balancing (migration) is
unnecessary, see [5]. Most importantly, threads are handled automatically as described below.

Scalability

Increasing complexity may cause a software development effort to scale nonlinearly, i.e.,
the effort required to build a system increases faster than its complexity. This is characterized by
Fred Brooks in The Mythical Man-Month, [2]. However, linearity depends upon independence.
Linear scaling can be achieved by maximizing module independence. This phenomenon is
apparent from the separation principle, see [5].
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As indicated above, languages provide limited control over the design of large complex
software systems. Architects of industrial buildings, ships or airplanes would find it very
difficult, if not intractable, to produce large complex designs without drawings. It is now
apparent that software is no different. Having used the CAD interface and drawings to produce
architectures, and having observed module independence by visual inspection, it becomes
obvious that working without drawings is a great disadvantage. Visualization is critical to
controlling increasing complexity when building and supporting software.

SOFTWARE LANGUAGE PROPERTIES

When considering a programming language, one is concerned with two issues: (1) the
speed with which a high quality product can be built and enhanced; and (2) the speed with which
it runs, see [1]. These factors are key to building large simulations. When assessing the validity
of a model, subject area experts must be able to easily understand the algorithms as well as the
architecture. This depends directly upon understandability of the language used to describe the
algorithms. Understandability is a measure of the relative ease with which others (including
subject area experts) can understand an algorithm. This directly affects the effort required to
validate a model as well as build and debug software. Having separate language translators for
data and instructions helps one focus on the understandability of each.

Factors affecting both speed and understandability of a complex algorithm include the
manner in which the state vectors are structured. Hierarchical structures are used historically to
control large complex organizations where speed and precision of operations are important. This
property is illustrated in the resource shown in Figure 4. Hierarchical data structures, organized
around the application, not the data type, greatly enhance understandability. It allows them to be
grouped to support meaningful architectures as illustrated in Figure 2.

Hierarchical data structures also support group moves, e.g., moving a large character
string into the MESSAGE structure in Figure 4. This simplifies the algorithm, improving speed
as well as understanding. Many other features in the resource language, e.g., the STATUS and
ALIAS attributes used in Figure 4, contribute to enhanced understandability of a process. This is
apparent in the example that follows.

Processes are transformations that contain hierarchical sets of rules, an example of which
is shown in Figure 5. Data cannot be declared in a process. Processes may only reference data
defined in resources to which they are connected (by a line in the architecture). Resources
connected to a process are referenced automatically by pointer. With this paradigm,
programmers are only concerned with indexing, not memory management (ultimately controlled
by the OS).

Rules (labeled in column 1) implement one-in one-out control structures as advocated by
Harlen Mills, [15]. They are invoked by the EXECUTE statement; after their execution, control
is returned to the statement directly following the EXECUTE. This provides a hierarchy of
control within a process that simplifies understandability. The result is that complex conditional
statements may be reduced to their minimum hierarchies, eliminating nested IF statements and
removing assignment type statements from within the conditional control structure. This makes
complex control structures much easier to understand. Rules may be invoked from multiple
EXECUTE statements (the language contains no GO TOs).
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RESOURCE NAME: MESSAGE FORMATS
MESSAGE
1 SYNC CODE CHARACTER 6
ALIAS VALID VALUE *101010",
*010101"
1 TYPE STATUS FORMAT A
FORMAT B
1 CONTENT CHARACTER 46
FORMAT A REDEFINES MESSAGE
1 “PAD CHARACTER 14
1 HEADER
2 PRIORITY STATUS FLASH
IMMEDIATE
ROUTINE
2 ORIGIN INDEX
2 DESTINATION INDEX
ALIAS BROADCAST VALUE 0
1 BODY
2 LENGTH INTEGER
1 TRAILER
2 MESSAGE NUMBER INTEGER
2 TIME_SENT REAL
2 TIME RECEIVED REAL
2 ACKNOWLEDGMENT STATUS RECEIVED
NOT RECEIVED
2 LAST SYMBOL CHARACTER 2
ALIAS TERMINATOR VALUE "\\", "//%, "<<",*>>"
FORMAT B REDEFINES MESSAGE
1 “PAD CHARACTER 14
1 HEADER
2 SOURCE INDEX
2 SINK INDEX
1 BODY
2 CONTENTS CHARACTER 42
7/13/06

Figure 4. Example of a hierarchically structured state vector (Resource).

Speed is the major driving force in simulation language design. As indicated above,
hierarchical data structures support group moves that may contribute order-of-magnitude
improvements in run-time speed. In Figure 3, MESSAGE is redefined by FORMAT_A and
FORMAT _B; these are templates over the same area of memory. Individual data attributes can
be moved in large groups as long as overall sizes of the structures are matched. However, the
REDEFINES statement eliminates unnecessary MOVEs. All of the fields are filled in one move
(one instruction fetch). This requires memory to be mapped WY SIWYG1, with no “word-
boundary alignment” (data has not been mapped as words since the late 1960s).

In state space, a major factor affecting speed and understandability of a complex
transformation is selection of the state variables. In software, this is equivalent to the design of
the underlying data structures supporting an algorithm. In the prior example, message
processing is simple. One need only move a message string into MESSAGE. All of the fields
and conditions are immediately available in the data structure to process FORMAT_A or
FORMAT _B messages. As already indicated, speed is enhanced by the same simplification.
These facilities depend upon the ability to easily create and use complex data structures.

1. What You See Is What You Get.
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PROCESS: RECEPTION

RESOURCES: TERMINAL PARAMETERS INSTANCES: TRANSMITTER
MESSAGE FORMATS RECEIVER
TRANSCEIVER

START RECEPTION
IF TRANSCEIVER 1S IDLE
EXECUTE GOOD_RECEPTION
ELSE IF TRANSCEIVER 1S RECEIVING
EXECUTE CONFLICTING RECEPTION
ELSE IF TRANSCEIVER 1S TRANSMITTING
EXECUTE CONFLICTING BROADCAST .

GOOD_RECEPTION
IF  SIGNAL TO NOISE RATIO IS GREATER THAN RECEIVER THRESHOLD
AND SYNC CODE IS VALID
SET TRANSCEIVER TO RECEIVING
ADD SIGNAL POWER TO POWER AT RECEIVER .

IF MESSAGE TYPE IS FORMAT A
AND LAST SYMBOL IS A TERMINATOR
EXECUTE SEND ACKNOWLEDGEMENT .

CALL DECODE MESSAGE

CONFLICTING_RECEPTION
IF POWER AT RECEIVER IS GREATER THAN SIGNAL POWER
SCHEDULE ABORT RECEIVE NOW .

CONFLICTING BROADCAST
CANCEL END RECEIVE NOW
SCHEDULE START RECEIVE IN EXPON(0.83) MILLISECONDS
WITH PRIORITY 80

SEND ACKNOWLEDGMENT
MOVE ACKNOWLEDGEMNT TO TRANSMIT MESSAGE BUFFER
IF DESTINATION 1S BROADCAST
SEARCH RECEIVER_CONNECTIVITY_ VECTOR OVER RECEIVER
EXECUTING TRANSMISSION
WHEN LINK IS GOOD
ELSE EXECUTE TRANSMISSION .

TRANSMISSION
SCHEDULE RECEPTION
IN LINK DELAY MICROSECONDS
USING TRANSMITTER, RECEIVER

Figure 5. Example of a hierarchically structured transformation (Process).

From Figures 4 and 5, one can see that the languages are designed for understandability.
This supports ease of change by other than the original author, and validation by subject area
experts (non-programmers). Terse languages that infer complex meanings with minimum
keystrokes risk misunderstanding. The reasons follow from information theory where
redundancy is shown to improve real understanding, see [14]. A frequent misperception is that
verboseness, a form of redundancy, implies loss of speed. In fact, there is no relationship
between speed of execution and verboseness of the source code. The translator for a natural
language may be very complex, but that is exactly where the burden should be placed,
alternatively, it is on the person trying to understand the algorithm.
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VISUALIZATION OF SOFTWARE ARCHITECTURE

Geometry and algebra each play important roles in engineering. Theoretically, one could
do away with the images provided by geometry. In practice, those who can use geometry have a
significant advantage. Figure 6 illustrates a model developed without engineering drawings. As
is typical in conventional software, data is shared everywhere, with no visible check on
independence. Figure 7 shows the same application developed using the GSS CAD
environment, see [10]. This example demonstrates the importance of visualization of the
independence properties of software.

Another critical property of this approach is the Connectivity Matrix shown in Figure 8.
The blue boxes indicate the module boundaries for elementary as well as hierarchical modules.
For each resource in Figure 8, one can see the processes connected to it (denoted by an X) to
share the data. The connectivity matrix defines process and module independence. The more
sparse the matrix, the greater the independence of modules, and the more simple the
transformations, a concept taught to engineers in linear system theory. This information is
maintained by the development environment and passed to the run-time environment to
determine what modules can run concurrently on parallel processors.

Conceptually, this is no different from the problem of picking the best set of variables or
coordinate system to simplify a set of partial differential equations. In software, one selects the
best breakout of resources (state vectors) to simplify the processes (transformations of state).

The connectivity matrix has additional information. Where there is an I, the resource is
shared during initialization only, not during run-time. The O denotes that the resource is shared
when outputting data. After initialization, OFFICE contains only two processes that share a
resource with the SWITCH module. During run-time, it only shares two resources with the rest
of the system, except when producing performance data, a one-way output. All other processes
are independent and can therefore run concurrently with their counterparts in all other instances
of OFFICE in separate processors (there are 50 instances shown in the drawing).

THE USE OF ENGINEERING DRAWINGS

Although written documentation is important, engineering drawings are essential tools to
support planning, review, and assessments needed to control a large complex project. This is
because of the requirement to develop and modify the structure of modules as the design unfolds.

Engineering drawings provide the means for creating and improving the structure of
software. Given the proper CAD tools, these drawings can be modified easily to implement
structural improvements. The best structure for a complex set of modules cannot be known until
much of the design has been completed. Only after understanding all of the facilities that must
be built into a module, and how those facilities interact, can one decide on the best architecture
for a module. This implies that a module may be built initially using an inadequate structure
before one can see how to improve that structure.
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CONNECTIVITY_MATRIX 01/16/07

MODELS

RESOURCES
SUBSCRIBER_ATTRIBUTES
SUBSCRIBER_PBX_INTERFACE
PBX_SUBSCRIBER_INTERFACE
SWITCH_RESPONSE

— | X | X | x| |SCENARIO_CONTROL
SWITCH_FACILITIES
SWITCH_SYMBOLS
GRAPHICS_INSTRUMENT

SUBSCRIBER_SYSMBOLS

PBX_FACILITIES

PBX_SYMBOLS

PBX_SWITCH_INTERFACE

PERFORMANCE_MEASURES

OFFICE_FACILITIES

PROCESSES
READ_SCENARIO_DATA
INITIALIZE_SCENARIO
INTERACTIVE_SCENARIO
GET_TRUNK_CAPACITY
BUILD_OFFICE
INSERT_SUBSCRIBER X | X
PLACE_CALL
TERMINATE_CALL X
COLOR_SUBSCRIBER
RECEIVE_PBX_RESPONSE X | X
RECEIVE_SUBSCRIBER_INPUT
INSTALL_PBX |
UPDATE_PBX
RECEIVE_SWITCH_RESPONSE X
RECEIVE_PBX_SIGNAL
INSTALL_SWITCH_EQUIPMENT | |
COLOR_TRUNKS
COLOR_TERMINALS
CONNECT_CALL
DISCONNECT_CALL
UPDATE_PERFORMANCE_MEAS| (6] X
INSERT_INSTRUMENT X

X [ X< |X[X

X | X | X|x
x

XX || X|x]|X
X IX|x|X|x

Figure 8. Resource, Process, and Module Connectivity Matrix.

SOFTWARE ARCHITECTURE FOR PARALLEL PROCESSING

Excellent hardware architectures have been built to support parallel processing. Their
great potential will only be realized with a software development and run-time environment that
takes full advantage of them. By providing a CAD interface for designers that implements the
Separation Principle, software architectures can be developed with a high degree of
independence between modules. Using this architectural information, the run-time system can
provide efficient allocation of processors to processes automatically during execution.
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Figure 9 illustrates this concept. It contains a model of a digital radio system from a
simulation used to support the design of large radio networks on moving platforms (land, sea, air
and space). The SAT_COMM_RADIO_SYSTEM model is one of many in that simulation. In
this example, it is instanced 300 times, i.e., a network of 300 radio systems can be simulated
using this model. Except for two submodules at the bottom, all modules in an instance are
independent of those in other instances. This implies that 300 processors can be used to house
each instance, and these instances will only exchange information through two submodels at the
very bottom of the architecture.

Of 124 processes in an instance, 4 share resources between instances. If an instance is
active, many of the levels in the protocol hierarchy may be active. Except for processes handling
the interface resources between instances, all of the other processes can run concurrently, with
the other instances, with assured independence. The efficiency of processor utilization will
depend upon the scenario as well as other factors. However, in scenarios where each instance is
heavily loaded, all of the processors will be working to simulate the inherent parallelism of the
actual system. In any case, with this architecture, any attempt at load balancing will likely slow
the simulation. Also, as shown below, there are many threads in an instance. Parallelization of
these threads is handled automatically and not of concern to the designer.

The radio modeled in Figure 9 is typically one of many pieces of equipment on a
platform. Platform models may be instanced on the order of 500 to 1000 times. Each platform
may have multiple instances of 5 to 10 different models that share information directly and are
best placed on the same processor as the platform. As long as the number of processors exceeds
the number of platforms, speed multipliers can be high. But designers need not be concerned
with such decisions. They are automated in the run-time system as described below.

Benefits Of The Separation Principle

The separation of data from instructions provides significant benefits for software
architecture, just as it does for hardware architecture (processors on a chip). Resources and
processes may be represented as icons in a drawing. Using the CAD facility described above,
the independence of modules can be inspected, visually, simply by observing if lines are
connecting them. This CAD facility provides the ability to produce engineering drawings of the
architecture of a software system. The architecture is changed by changing the drawings, and
the resources and processes are edited directly on the drawing to change the code.
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Figure 9. lllustration of an instanced model in a parallel processor simulation.
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PARALLEL PROCESSING RUN-TIME CONSIDERATIONS

Instances of modules such as those shown in Figure 9 may be allocated to many parallel
processors. To understand how this is accomplished at run-time, we summarize the following
definitions:

— Two processes are independent if they share no resources.
— Elementary Modules contain only resources and processes.

— Hierarchical Modules contain Elementary Modules or lower level Hierarchical
Modules.

— Two modules are independent if all of the processes in one are independent of those in
the other.

—  Processes may invoke other processes using the CALL or SCHEDULE statement,
see [10].

— When a process CALLs another process, control is transferred immediately to the called
process. Control returns to the calling process when the called process terminates.

—  When a process SCHEDULEs another process, the scheduled process is identified in
the schedule queue to be run when it is next in the ordered sequence of processes in the
queue. The queue is ordered by priority within time as specified in the schedule
statement, see [10].

— Athread is initiated when the next scheduled process is popped from the queue. A
thread continues to run when a process in the thread calls another process. It terminates
when the scheduled process terminates.

—  Athread may span multiple modules.
— A module may contain multiple threads.
— Two Threads Are Independent if they are contained in independent modules.

—  Threads contained in independent modules may run concurrently if the modules that
contain them are allocated to separate processors.

Now consider that the instanced model (module) in Figure 9 using the above definitions.
As indicated, a simulation may have 300 instances of the mobile radio active in a scenario. By
design, there may be on the order of 20 threads within an instance that are independent of those
in the other instances.

If an instance is assigned to a single processor, none of the threads in that instance can
run concurrently. Therefore there are no concerns about data coherency among these threads.
Since threads in different instances are independent by design, there are no concerns about data
coherency among those threads in different processors. The only case of concern is when a
resource is shared across processors. In this case, the run-time system that gets generated
maintains data coherency automatically, ensuring that processes sharing resources across
processors cannot run concurrently.
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In a heavy traffic scenario, most of the radios will be active at many of the protocol
layers, implying that the activity on those processors will be relatively high. Additionally, the
amount of time spent waiting for access to resources at the interface between modules will be
small compared to useful processing time within an instance. As a result, the overlap of useful
time, should be high relative to the inherent parallelism in the system, implying that the speed
multipliers should also be relatively high, see [4]. Without the visualization of architectural
design that resides within this CAD approach, producing architectures that achieve comparable
effective use of parallel processors is extremely difficult.

SUMMARY

This paper describes the application of concepts and principles derived from the State
Space framework used in engineering to support the design of large complex software systems.
These principles include the properties of independence and understandability that are derived
from the Separation Principle. These properties lead to increasing speed through parallel
processing, and scalability through linearization of the effort required to support increasing
complexity. The benefits are described using examples of a CAD engineering tool designed to
support the desired properties. The ability to scale software in the face of increasing complexity
has been achieved using this tool on many large software projects. The independence properties
of modular architectures and understandability of complex algorithms are confirmed by visual
inspection. It is demonstrated how this approach simplifies the development of large software
systems, particularly those whose complexity is high and constantly increasing, as well as those
requiring the speed of a parallel processor.
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