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(ABSTRACT)

The development methodology for today’s computer systems is lacking in the area of prelimi-
nary design. Decisions that greatly influence the product’s life-cycle cost are made during this stage
of the design with minimal knowledge. One of the key decisions made during preliminary design
is the allocation of the system’s functions to hardware, software, or firmware implementations. This
research investigates methods to automate the decision making process during preliminary design.
These decisions include the hardware, software, and firmware allocation process and the reduction
of the preliminary design space by ordering the design space and determining a cut-off point.

A general system model is presented based on the top-down design methodology. A decision
process is applied to the lowest level functions of the system model to order the allocation design
space. The methods explored to perform decisions are the general linear model and fuzzy logic
membership functions. A computer based tool is developed that applies the decision methods to
a system model. The output of the tool is a set of optimum hardware/software/firmware function
allocations. The application of this tool greatly reduces the overall allocation design space which

allows the human designer to make improved decisions during preliminary design.
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Chapter 1. Introduction

1.1 Research Objectives

The objective of this research was to develop a method of preliminary system design focusing
on the allocation of each of the lowest level functions of a system to a hardware (HW), software
(SW), or firmware (FW) implementation. This method is used to facilitate the designer’s capacity
to absorb information, organize it, perfform HW/SW/FW allocation, and evaluate the results.

A tool was proposed, designed, and implemented in prototype form to assist a designer in de-
riving a set of functions for a system and assigning characteristics to those functions. An algorithm
to reduce the number of possible HW/SW/FW configurations was also developed. The resulting
method and tool are intended to reduce design time, increase productivity, and improve quality

during the preliminary design phase.
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1.2 Motivation for Research

Computers encompass a tremendous array of systems impacting all aspects of modern day life.
In general, a computer system consists of hardware such as processors, input/output channels, and
memory, in addition to software and firmware that operate on the hardware. The components are
organized to create a system that fills a need with certain performance characteristics [20].

As the advance in technology continues, so must the basics of system design if it is expected
to take full advantage of available resources. The design process is being aided with new tools to
facilitate almost every aspect of design [10]. Computer-aided design tools have become common
in intermediate and final design, but engineers still start the preliminary design process based on
experience and traditional industry practices, but largely without the aid of design tools. Formal
methodologies are needed to direct the designer’s thinking toward an optimal design.

Another problem is the lack of focus during the design phases. Preliminary design begins with
the initial identification of a need with varying degrees of known requirements in the problem
statement. The identification of this need may be imprecise or ambiguous [10].

Preliminary design has become a critical part of the system design phase because of the large
amount of life cycle cost (LCC) committed versus the small amount of knowledge gained about the
design. The estimated percentage of committed LCC and knowledge gained versus design time is
presented in Figure 1. The objective is to bring the two curves of Figure 1 closer together by in-
creasing the initial knowledge gained during preliminary design or by reducing the commitment to
LCC [8].

One area of design pertains to the allocation of the individual functions of the system to
hardware, software, or firmware implementation. Creating a procedure for the allocation of
HW/SW/FW to functions and evaluating how it affects the system as a whole can greatly increase
the ability to predict the final system performance and relative complexity of subsystems. In addi-
tion, the designer gains an understanding of the actual types of parts necessary to build the system,

e.g. number of processors, set of software routines, communication ports, etc.
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Figure 1. LCC and knowledge versus design time [8].
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Most HW/SW/FW allocation performed in the past has been based on the designer’s previous
experience in addition to existing practices in the industry. System design benefits from this practice
due to the current knowledge base that is present. However, gains in system performance may be
~ possible if some of these biases are examined and removed. System effectiveness could be increased

if the designer is presented with options to remove design biases.

1.3 Approach to Solution

The designer needs a design approach or methodology to be inserted into the preliminary de-
sign phase. This approach is implemented after the designer has identified a need and determined
the system’s desired performance and requirements. After the design approach has been applied,
the detailed design of the system’s lowest level functions can begin.

It is proposed here to begin the design by creating a hierarchy of interconnected functions
down to the lowest level functions of the system. A set of alternative system configurations is
constructed on which the final design is based [10]. This includes decomposing the complete system
into a set of lowest level functions with well defined interconnections.

The design procedure then connects the functions to see the propagation of design changes
throughout the whole system. This can show the results of forcing certain functions to fit existing
components as in a bottom-up design approach so that the top-down approach can be used in
other areas of the system.

Page-Jones presented the following definition of structured design in deriving a solution from

a problem definition:

Structured Design is the development of a blueprint of a computer system solution to a problem that
has the same components and interrelationships among the components as the original problem. [19]

In this research, the “blueprint” solution Page-Jones described takes the form of a block diagram

where the designer allocates the lowest level functions to HW, SW, or FW. The designer improves
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the design process by applying strict methodologies and design guidelines. This type of approach
to system design eliminates any biases in the final design.

This research produced a design approach to assist the designer in making a primitive model
of a system with its functions allocated to HW, SW, or FW during preliminary design. The designer
must decompose the system into its lowest level functions, develop an interconnection scheme, and
assign characteristics or attributes to each of the functions. Algorithms are then applied to the
model to determine HW/SW/FW allocation. The goal was to create a design process as general
as possible to let the designer have control over design decisions and yet create a rigorous structure

for the design process.

1.4 Tool Development

The research presented here is part of an overall design methodology called the Design Deci-
sion Support System (DDSS) [15]. The DDSS is applied in this research to create a workstation
to interface a designer or design team with a specific design process. Figure 2 presents a block di-
agram of this process and the interface [4].

The first component of the DDSS represents the human interface to the system. This is where
a designer or design team inputs the structure of the system, offers feedback to the design process,
and makes decisions based on information presented by the design tools.

The computer-aided design/engineering (CAD/E) section of the DDSS assists the user in de-
veloping the structure of the system, accepts the user’s system attribute definitions and values
through the human-computer interface (HCI), and provides a suggested set of design alternatives.

The Estimation/Prediction section accepts the design structure and attributes determined by
the CADJE tool(s) and provides an estimation of the system’s performance in terms of design de-
pendent parameters (X;). The evaluator section of the DDSS then evaluates the design in its current

iteration and presents to the user an evaluation of its effectiveness (E).
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Figure 2. The DDSS block diagram [4].
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This research focused on the CAD/E block of the DDSS. The research produced a tool, the
System Design Allocation Tool (SDAT), to provide the necessary functions of this block of the
DDSS.  The primary purpose of this tool was to develop an initial design using algorithms for
function allocation, parameter estimation and prediction, and evaluation of the final results. The
output of this tool has enough information for the Estimation/Prediction function of the DDSS to
determine design dependent parameters. The final stage of the research was to interface the tool into
DDSS and develop the user interface.

A problem arises during the initial design and function allocation of a system; the configuration
and function definitions are extremely vague. The proposed tool is able to pull information from
the designer, evaluate it, and then reorganize it to derive a better idea of the initial system design.
Initially, each function will have no allocation and can be implemented in either HW, SW, or FW.
Allocation of only one function to HW, SW, or FW reduces the number of possible system designs
to one-third of the original number of design possibilities. Therefore, it is helpful to aliocate as
many functions as possible to HW/SW/FW as it reduces some of the initial design ambiguity. This
type of design process suggests a layered procedure with a large amount of feedback.

At the beginning of conceptual design, the large number of possible allocations of the system
functions creates a prohibitively large design space. The designer needs an efficient way that reduces
this design space quickly while, at the same time, avoids eliminating good design options. Choosing
a “good” design option eliminates costs incurred from having to re-design due to a poor early design
choice.

Last of all, due to the variability of different system requirements, the design tool is also ca-

pable of evaluating many different performance parameters.
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1.6 Overview of Thesis

Chapter 2 presents the background on which this research and the System Design Allocation
Tool are based. This includes background in HW/SW/FW allocation, general system design, and
fuzzy logic. Chapter 3 describes in detail how SDAT and the DDSS fit into the design process.
Chapter 4 discusses the development of the SDAT program and how the different design theories
were implemented. Chapter 5 details the use and results of the SDAT program through a case

study. Chapter 6 contains a summary of the work and discusses opportunities for future research.
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Chapter 2. Background

2.1 Introduction

This chapter summarizes background research on which the system design and the
HW/SW/FW allocation processes are based. To start with, an in depth description of structured
system design is presented. This includes the design methodologies, the design process flow, system
decomposition, and the development of system attributes. To support the process of a structured
system design, the Design Decision Support System is presented along with the purpose of each
of its components. This includes an elaboration of this research’s role in the DDSS. General dis-
tinctions between the implementation media are also presented with some of the attribute charac-
teristics of each media. A HW/SW/FW allocation tool is then examined pertaining to its decision
making based on the differences between the implementation media. Finally, the theory of decision
making using fuzzy logic is examined 1n addition to the mathematical use of fuzzy logic.

The typical preliminary design process involves taking a relatively abstract linguistic description
of the functions and desired performance of a system and translating it into an implementable sys-

tem description. Much research has focused on improving the quality of the design process in-
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cluding computer-based tools and processes that are capable of describing the system down to
silicon. Most of these design aids have been applied to the later, more detailed stages of the design.

The focus of this research is to bring design aids to preliminary design where detailed de-
scriptions do not exist. Hubbard defines logical design as the management of information gathered
during conceptual design which is then organized into structures and hierarchies to match the sys-
tem’s configuration [11]. The SDAT program gives the system designer a starting point on which

to base a logical design.

2.2 Structured System Design

First, it is useful to present a definition of a system as it is interpreted in this research. A system
is a set of elements and relationships between these elements operating as a single unit [16]. It has
an objective or a range of objectives along with a set of inputs and a set of outputs. This research
is applied specifically to computer-based systems where the elements are functions performed by
HW, SW, or FW. Boundaries for the system must be defined to eliminate ambiguous definitions
of inputs, outputs, and overall objectives. The purpose of system design is to take an overall pb-
jective, sometimes called a need, and create and combine elements effectively to perform the ob-
jective.

In the past, system design has been very unstructured and haphazard [19]. This often causes
the resulting system designs to be inefficient, too expensive, and overly complex. A rigorous or-
ganization of the processes used to design systems is needed to overcome these problems.

Recently, a disciplined combination of science and system design has formed called systems
theory [4]. Systems theory studies the disciplines applied to system design to create a framework
for the process of designing a system. This framework is called structured system design. Structured
system design organizes the approach to designing a system to eliminate inefficient, expensive sys-

tems and to simplify the organization of the system so it is easily understood. = To improve the
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design process, the design engineer needs to become disciplined in a rigorous design methodology.
Meilir Page-Jones [19] claims the traditional design of computer systems has been to force the re-
quirements of the design into an already existing system configuration. He goes on to state that the
structured system design process creates the guidelines to implement a top-down design.

Page-Jones states that structured system design has the following five aspects [19].

1. The solution fulfills the need instead of the need being forced to fit the solution.

2. The complexity of the problem is simplified by applying a method of dividing the system into
an organized set of “black boxes.” The design of these black boxes becomes incidental.

3.  Computer aided design (CAD) is used extensively.
4. The processes for developing a design solution are well defined.

5. Evaluation criteria are used to determine how well the solution fits the need.

Structured system design forces the designer to become more disciplined and utilize resources ef-

fectively [19].

2.2.1 System Modeling

System modeling is used in the design process to give the designer a preliminary depiction of
his or her system. Eisner defines a system model as a set of relationships that act upon the variables
of an entity to represent the performance of the entity being modeled [7]. This is a very broad de-
finition of modeling and Eisner even states that items such as diagrams and flow charts representing
a system could be considered to be models [7].

In terms of system design, Eisner only uses three types of models: the conceptual model, the
configurational model, and the flow and computational model. These models represent the devel-
opment of the system through the design process [7].

The conceptual model is the starting point for the design. It is a definition of the purpose of
the system, the system'’s requirements, its functions, and the interconnection of the functions. The

configurational model is the assignment of the functions of the system to implementations, i.e.
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HW/SW/FW allocations in the context of this research. The flow and computational model re-
presents the actual operation of the system in terms of data, computation, and input and output.

The lack of design support identified by this research exists between the conceptual model stage
and the configurational model stage. In the process described by this research, the designer creates
a system tree with information from the system requirements and specifications. In this conceptual
model the system is broken down from the top level to the lowest level functions. The design
process then reduces the number of possible HW/SW/FW configurations, thereby reducing the
number of possible configuration models to be addressed.

Meredith defines three similar system models used in the development of a system. He starts
off by defining a model as the construction of a symbolic representation of a system using actual
physical, analog, schematic, or mathematical representations [14]. This definition appears to be as

broad as Eisner’s. Meredith also defines three types of system models [14].

1. Descriptive model: A detailed description of the final specification and the items necessary to
implement a system. A good descriptive model can be used as the starting framework for a
system design.

2. Behavioral model: A description of the operational characteristics of a system or a part of a
system. This can be used as a basis for the design of individual components of the system.

3. Decision model: A model used to reduce the number of design choices available to the design
engineer. Decision models are used to isolate the optimum design choices.

The model definitions are similar to Eisner’s, however, they define the function of the models
as opposed to the construction. Once the designer has broken the system down to its lowest level
functions, each lowest level function is described by an algorithm thereby creating the behavioral
model. The behavior model is analyzed to determine attribute values for the functions. Then the
design process created by this research can reduce the number of possible HW/SW/FW configura-

tions. This creates Eisner’s configurational model which is equivalent to Meredith’s decision model.
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2.2.1.1 Hierarchy

Both Eisner and Meredith decompose the system description from a top-level down to the
lowest level functions, or leaves, of the system design tree for their models. Therefore, a method
of system diagramming needs to be chosen before modeling can begin. The representation of a
system should be consistent throughout the DDSS process. For the most part, the design engineer
who uses this program should already have the system requirements and the system hierarchy
broken down to lowest level functions and their interconnections identified before SDAT is applied.

The practice of representing system structures with hierarchical diagrams has been increasing.
This is due largely to the increasing complexity of systems. The distinctions between the various
representations that have been used are vague, yet each one has specific benefits and purposes.

Many of the methods of diagramming a system use a numbering system to indicate the hier-
archy of the design. The most common method starts out by numbering each of the top-level
functions 1, 2, 3, etc. The sub-functions on the first level of decomposition have the same number
as its parent function with individual numbers after the decimal point. For example, the sub-
functions of the top-level function 3 are numbered 3.1, 3.2, 3.3, etc. The sub-function 3.2 has
sub-functions 3.2.1, 3.2.2, 3.2.3, etc. and so on until all functions and sub-functions are numbered.
A hierarchy of the functions can be traced through the system diagram with this numbering. This
is referred to as a Dewey-decimal type of breakdown [7]. Unfortunately, this method does not offer
any information about relationships between sub-functions having different parent functions.

The decomposition scheme used with SDAT is called the functional flow diagram. These di-
agrams focus on processes instead of system elements. Eisner describes the methodology of the

functional flow diagram by describing what comprises a function [7]:

®  a description of the function,
¢  alist of inputs and outputs,
¢ the objective or process to be performed by the function, and

e  the allocation of the function to an element of the system.
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The last element described above is part of SDAT’s objective. Functional flow diagrams re-
move biases toward HW/SW/FW allocation that might be present in an elemental decomposition
of a system. In addition, it allows interrelationships between the functions to be represented more
easily since each functional block represents data flow from and to other functions [7].

To begin developing a functional flow diagram, a functional system description should be
created for the top level of the system. This will be based on the specification and requirements
of the system found during conceptual design. It should include a list of the major functions of the
system, their interconnections, and the flow of information through each function. Eisner states
that typically there are five to fifteen of these top-level functions. The result is the functional flow
diagram which is described below with an example.

Assume that a need has been identified to design a small security system peripheral to monitor
alarm points and send information about those alarm points in addition to its own status back to
a central station. It will send messages based on a poll and select format. In other words, the
system will only send messages when the central station has specifically sent a poll to this system’s
address. If it does not respond in time, it loses its chance and has to wait until the next poll. If it
has no message to send, it sends a negative acknowledgment.

The first design step according to Blanchard and Fabrycky [4], is to translate these system re-
quirements into the major functions of the system. Therefore, the major functions are broken

down into:

1. monitor alarm points,

2. classify data from alarm points into specific alarm types,

3. create a message based on alarms to send to the central station,

4. initiate any preprogrammed local alarms in response to the tripped alarm point, and

5. send the alarm message to the central station.

To fulfill the requirements of the system, these five functions should operate continuously until the
system is shut down. Figure 3 presents the top level functional flow diagram based on these

functions. Notice how the figure presents the flow of operation through the functions in addition
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to representing functions occurring in parallel. Lower levels will also show decision points used to
decide what function to perform next.

Figure 4 presents the first-level functional flow diagram for function 5, “send the alarm mes-
sage to the central.” Once again, the functions required to perform the overall objective are listed.
Next they are ordered with regard to the process sequence.

Last of all, function 5.7 of the first-level functional flow diagram is broken down into its
functions and configured to form Figure 5. Notice the numbering of the functions provides a
traceable path through the system hierarchy. This numbering is used in the SDAT program to keep

track of parent and child functions.

2.2.1.2 Lowest Level Functions

Eisner defined functions as they were used in the functional flow diagram, but how does the
designer know when to stop decomposing the system? Ideally, the system should be decomposed
until the point where the resulting functions can be designed from a simple functional description
of a HW, SW, or FW implementation. At this level of decomposition each function can be per-
formed by a single algorithm or routine.

Page-Jones uses the term “black box” to describe the lowest level functions [19]. He states that

a lowest level function has the following characteristics:

¢  the inputs are well defined,
e the outputs are well defined,
e the algorithm is well defined based on the inputs and outputs of the function, and

¢ knowledge of its internal configuration and operation is not necessary in order to use it.

This process of decomposing the system into lowest level functions forces the design engineer
to see the necessary system interfaces at an early stage of development. When the design engineer
is focused on the specific parts of the system design, these interfaces tend to be ignored. Unless the

design engineer is experienced with handling these interfaces, this may become a major source of
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