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(ABSTRACT)
Most complex systems incorporate hardware, software and humanware elements
operating synergistically under conflicting functional and nonfunctional objectives.
These systems are usually embedded, mission-critical, performance-critical, real-time,

distributed, highly integrated, heterogeneous, cost millions of dollars, and take many
years to develop.

Examples include space stations, combat vessels and aircraft, nuclear

power stations, communication networks, and robotics-based manufacturing.
Early system design evaluation is essential to assess a design’s potential for
satisfying operational and budgetary requirements, since a significant percentage of the
system life cycle cost is committed by design decisions made early in the system life
cycle.

However, at the design decision point, knowledge of technology, the operational

environment, the political climate, etc., on which to make technically effective and cost

efficient decisions is incomplete.

Consequently, early design evaluation approaches are

needed which yield credible results in the presence of incomplete knowledge.
This dissertation describes a multifaceted methodology for complex system
design measurement and evaluation which exploits experience, techniques, and heuristics
of technical and operational domain experts.

The methodology is computer and

knowledge based, and includes indicator-based assessment, visual simulation, the

analytic hierarchy process, and fuzzy mathematics.

The use of this methodology enables

qualitative and quantitative measurement and evaluation of system designs at any level of
detail desired. An independent assessment of the methodology by researchers and

systems engineering practitioners from the DOD, other federal government agencies,
commercial industry, and academia affirmed the methodology to be a useful approach in
the measurement and evaluation of complex system designs.
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1. PROBLEM DEFINITION AND OVERVIEW
1.1.

INTRODUCTION
This dissertation describes a methodology for the measurement and evaluation

of complex system designs.

This chapter serves a two-fold purpose in the

documentation of the entire research undertaking.

First, it motivates the research by

presenting a detailed description of the problem space for which the design evaluation
methodology is an inroad to a solution.

Second, provides and overview of the research

endeavor.
Initially the research problem is introduced, identifying a need in the larger
research community for which this work is a recommended solution.
are defined and characterized by their complex components.
of design evaluation is defined.

Complex systems

The process and problem

The research objectives are enumerated, laying a

foundation for assessment and substantiation of the research effort.

The organization

of the dissertation is also described to overview the direction of the research, and the
remainder of the dissertation.

Lastly, a summary of the research contributions is

provided.
1.2.

PROBLEM

DEFINITION

As we plan for operational success in the future, within almost all industries
including the military and advanced commercial industries, we increasingly rely on
highly evolved technologies.

Those who operate at the leading edge require

dependable real-time performance from heterogeneous, integrated, computer-based
systems in distributed, parallel, and/or embedded environments.

Examples of this class

of complex systems range from space stations, manned space vehicles, and combat
vessels and aircraft, to nuclear power stations, pharmaceutical manufacturing plants
and ultra-high speed communication networks.

The potential fruits of mission success

range from continuous space habitation and interplanetary exploration to real-time

global communication.

The thorns of failure include diminution of national security

and loss of human life.
What is the nature of the systems which bare the weighty burdens of operating
on the leading edge?

They are systems of systems; likely the integration of multiple

large scale systems, old and new.
objectives.

They operate under complex and often conflicting

They must demonstrate dynamically adaptive behavior, to adjust to

changing operational environments, say from peacetime to hostile threat.

The

computational engines for these systems are typically highly parallel, use nonhomogeneous resources, employ embedded software, are expected to be long-lived, and
incorporate many conflicting functional and nonfunctional objectives.

Hard real-time

performance requirements demand continued operation even under adverse or
otherwise degraded conditions.
For any realistic operational scenario, the successful employment of any of
these systems requires synergy in operation of complex hardware, sophisticated
software, and from one to hundreds of highly trained human operators (Figure 1.1).
Conventional hardware components are the backbone and skeleton of complex systems.
They range from cotton to concrete, from the materials composing the superstructure,
hull, and fuselage, etc. to the smallest nut, bolt, and washer.
radar, or satellite, this configuration is the system.

referred to as “chipware.”

To the distant observer,

Other hardware is perhaps better

In the complex system, this is the microchip metropolis

comprising the very large scale integrated (VLSI computer circuitry.

The high-speed

VLSI hardware components provide the low-level logic needed to bear the burden for
millisecond response time demands.

Human-

Hardware

Interaction

Humanware

HumanSoftware
Interaction

Human,
Hardware,
Software
Interaction

Hardware

Software

Hardware/
Software
Interaction

Operational
Environment

Figure 1.1. Major Components of a Complex System.

Software is the brain and firmware is the central nervous system.

They provide

the mid-level control logic which governs the dynamic behaviors of the majority of the
system’s major subsystems.

Millions of lines of code written in high order languages

(HOL) such as Ada, must integrate “seamlessly” with code written in other HOLs,

assembly language, and device-specific machine language.

Software systems provide

guidance for threat detection, life support, propulsion, etc.

The speed,

reprogrammability, and multi-tasking nature of software-based components make up in
part for the rigidity of hardware and the computational limits of humans.

Even so,

relative immaturity of the software system quality assurance process and the sheer
complexity of massive software systems make this leg of the triad presently the most
unreliable.
If the hardware is the skeleton and the software the brain of the complex
system, the human operator is the heart — the most vital and most fragile.

The

dynamic, multi-dimensional, nondeterministic human keeps the system running.
Timely resolution of crisis situations is dependent on the human's ability to retrieve and
use relevant information, and implement them through interfaces to the system.
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But

the “man-in-the-loop,” while almost infinitely and instantly reprogrammable, is also at
once the most complex and the least predictable component in the system.

The human

alone is subject to the power of emotions such as fear, stress, and physical degradation
such as fatigue and illness.

The human is the sole element in the system who has a

personal stake in the success of the mission.

In the human, a family, life, liberty, and

the pursuit of happiness share the same gray matter as do protocols, duty, honor, and
country.

In contrast, the flight deck, cannon, and radar are emotionally impervious to

the threat of defeat or the joy of victory.
Physical, cognitive, psychological, and behavioral requirements for the human
element of the system vary tremendously with respect to functional role, from “KP’” to

“CINC’.” System operators, like astronauts, seamen, pilots, and control room
operators typically must undergo prolonged periods of extensive training.

They also

must demonstrate ongoing proficiency in periodic checkrides or simulators.

Their job

requires a person completely in charge of his faculties, to hedge against human error
which has too frequently been diagnosed as the ultimate cause of disasters.

These

points punctuate the complex multi-faceted nature of the human operator in the
complex system.
Humans,

software, and hardware — elements within these domains must

function both independently and at sophisticated junctures or interfaces.

This

requirement for cross-domain interaction coupled with the real-time hardness and
gravity of the mission are characteristics which distinguish the complex system from
other systems.

Two additional distinguishing characteristics are system life-cycle cost

and timeline.

Defense and space program project budgets are commonly in the billions

of dollars, attributable as much if not more to the development of complex control
software as to physical materials used in system construction.

Timelines for complex

systems routinely span more than a decade from requirements capture to design to

' “kitchen patrol,” a tedious, primitive, manual task, e.g. peeling potatoes and washing dishes.
? “Commander-in-Chief,” the highest position or rank, especially the U.S. Armed Forces.
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development to deployment.

Extended operational lifetimes (the B-52 bomber has been

in operation for nearly 40 years) and the engineering for system degradation,
retirement, or recycling can make for a system life cycle approaching half a century.
A complicating consequence arises due to generally invariant cost and timing
constraints.

In general, fully satisfying these external constraints can prevent fully

satisfying functional and performance requirements.

As a result, designers are forced

to strike a compromising balance between satisfying performance desiderata and
Staying within the external constraints.

For competing designs, evaluation is an

important means of determining which design best satisfies all requirements.
Two additional factors relevant to complex system cost and life cycle deserve
mention, particularly regarding systems fiscally supplied by public funds. Midkiff and
Fabrycky [91] point out that a significant percentage of the system life cycle cost
results from design decisions made very early in the system life cycle, but the life cycle
knowledge on which to base the decisions generally lags behind the timing requirement
to do so (Figure 1.2).
efficient.

In effect, complex systems are programmatically not cost

Additionally, when the nature of a system is subject to the caprices of

political climate or national ideology, system requirements or funding or both may

change every four years in the United States.

Also, current U.S. military policy for

the re-assignment of personnel allows for project continuity of only 30-42 months.

As

a result, a design for a system of national interest, e.g., the space station Freedom,

or a

space shuttle, may figuratively have to hit a moving target.
The foregoing can be summarized to make this point:

the large scale, complex

systems in demand for the present and future rely on elements from highly complex
domains at various states of maturity which are subject to a broad spectrum of
complicating influences.

Stringent mission requirements, coupled with cost and

timeline constraints for what are generally one-of-a-kind systems, beg for a
methodology for system design which builds in fiscal stewardship and human life
protection via measurable assurances of system success.

The elements of such a
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Figure 1.2. Life Cycle Knowledge Gap.

methodology are embodied in the life-cycle focused paradigm of the process of systems
engineering.
The systems engineering process (SEP) generally applies to all large scale
systems which require human, hardware, and software interaction, and generally have
a high cost and lengthy time to deployment.

The high level phases of the process are

depicted in Figure 1.3 [Blanchard and Fabrycky 90].
A hallmark of the classic SEP is its adherence to a top-down stepwise
refinement paradigm, both in the functional decomposition of a system under
development and the decomposition of the development process itself.

Included in the

higher levels of the decomposition are several critical phases of design and subsequent
design evaluation.
The three generally agreed upon design phases are (1) conceptual design,
wherein alternative system solutions are evaluated based on operational, logistical, and
financial factors; (2) preliminary design, wherein qualitative and quantitative system-
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Figure 1.3. Systems Engineering Life Cycle Phases.

level requirements are established based on a system functional decomposition and
functional requirements allocation; and (3) detailed design, in which subsystems are
refined and detailed, functional hardware and software modules are developed, and

basic system models are tested.

Subphases are not excluded.

Given that consequences of programmatic cost inefficiencies as mentioned
above can include reduced operational capability or even system project termination,
the evaluation of the potential for system success early in the process is a primary focus
of the SEP.

Approaches to evaluation include cost, performance, logistics, reliability,

etc., trade-off studies, and optimization at increasing levels of granularity as the system
progresses through its life cycle.

Diverse techniques and tools exist for piece-wise

optimization, and as the technology to support tools and methodologies matures,

attention and efforts turn aggressively toward early integrated evaluation of the system
design, a discipline still striving for maturity.

More evaluation frameworks and tools

are needed to support this ambitious endeavor, to narrow the gap between assurances of
system efficacy and commitment of funds early in the system life cycle.

1.3.

RESEARCH GOAL AND OBJECTIVES
The primary goal of the research is to develop a methodology which structures,

guides, and assists in the measurement and evaluation of designs for complex systems.
To enhance the credibility of the methodology and lay a foundation for its assessment,
we present a set of objectives to serve as a requirements specification for the
methodology.

1.

The methodology should facilitate the measurement and evaluation of a complex
system design's dynamic (i.e., time-critical, performance-critical, mission-critical)
characteristics.
The methodology should facilitate the measurement and evaluation of a complex
system design's real-time characteristics.
The methodology should facilitate the integrated measurement and evaluation of a
complex system design with respect to its hardware, software, and humanware
components, and their interfaces.

The methodology should facilitate the qualitative and quantitative evaluation of a
complex system design.
The methodology should be generically applicable for a broad spectrum of
complex system designs.
The methodology should lend itself to the incorporation of computer-aided
assistance.
The methodology should possess inherent, piece-wise credibility.
The methodology should be easily usable by a design evaluation organization.

9.

The methodology should be applicable for the preliminary and detailed design
phases of the system engineering process.

10.

The methodology should promote independent system design evaluation to
prevent developer's bias.

1.4. DISSERTATION ORGANIZATION
Chapters 1-3 largely define the research problem and overview a solution.

The

present chapter defines the nature of complex systems, and the criticality of the design
evaluation process.

Chapter 2 is a review of techniques and methods currently

employed as partial solutions to early system life cycle design evaluation.

Chapter 3 is

a largely pictorial overview of the methodology, enumerating the major phases and
their subphases, and placing them in the larger design evaluation scenario.
Chapters 4-6 detail the mathematical techniques employed in the methodology.
Chapter 4 presents the process of parsing a design into major indicator domains, and
identifying design quality and utility indicators through hierarchical decomposition of
the major domains.

Chapter 5 details the application of Analytic Hierarchy Process to

determining each indicator’s relative criticality.

Chapter 6 , and indicator scoring,

respectively.
Chapters 7-9 provide synthesis of the methodology's components,

closure to the document.

and draw

Chapter 7 describes how a computer-assisted expert

knowledge base is used to support all phases of the evaluation process.

Chapter 8

presents the methods and results of an independent assessment of the methodology by
systems engineering researchers and practitioners from the DOD, other government
agencies, industry, and academia.
and enumerates

1.5.

recommendations

SUMMARY

Chapter 9 provides conclusions from the research,
for future research.

OF CONTRIBUTIONS

Chapter 9 presents the contributions of this research.

A well-formed foundation

has been laid for the computer-assisted application of qualitative as well as quantitative

9

expert knowledge to the integrated measurement and evaluation of complex system
designs.

These contributions, summarized below, describe the components and their

synthesis, which provides the integrated nature of the methodology.
The domain dominance schema analysis method establishes the criticality of design
elements respective of their domain. It also provides guidance for the composition of
the evaluating panel, to the extent that domain expertise requirements must be
commensurate with the domain dominance schema.
The indicator-based evaluation approach provides for two dimensional division of the
evaluation effort: in breadth, by dividing respective of domain, and in depth by
hierarchical decomposition of indicators within each domain.
Application of the Knowledge-Based Evaluation of System Designs (KBESD)
software tool provides a graphically-oriented computer-based environment for
implementing the indicator-based elements of the evaluation.
Indicator hierarchy assessment increases assurance that the correct design evaluation
problem is represented by the indicator hierarchy.
The Analytic Hierarchy Process, adapted as we illustrate, is a credible means of
determining individual indicator weights of criticality.
Domain-specific design evaluation metrics incorporate objective assessment of
known domain-specific quantities.
System simulation provides a source for measurement and evaluation of the designed
system's dynamic and time-critical elements.
Interval and fuzzy mathematics provide accountability in the application of
subjectivity, firmly based in the expertise of technical and operational domain
expertise.
The expert knowledge base approach provides computational and inference engines,
comprising an integrating computer-based framework for applying the methodology.
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2. LITERATURE SURVEY
2.1.

INTRODUCTION
To introduce the reader to the general concepts and terminology used throughout

this dissertation, we present a summary of the relevant literature. The literature survey
addresses two separate aspects of design evaluation.

We address each aspect in a separate

major section. Section 2.2 surveys recent and classic literature addressing the design and
design evaluation processes.

Specific topics covered include the systems engineering

process, design evaluation concepts, and the terminology associated with indicator-based
evaluation.

Section 2.3 presents methods and mathematical paradigms which have been

employed in design evaluation.

2.2.

Section 2.4 states appropriate conclusions.

SYSTEMS DESIGN AND DESIGN EVALUATION
We begin with a discussion of the systems engineering process, which

circumscribes the entire evaluation process.

We follow with specific components of

design assessment, leading up to indicator-based evaluation techniques.
2.2.1

The Systems Engineering Process
The "big picture” of the systems engineering process is presented in Chapter 1,

Figure 1.3.

The systems engineering process is continuous, iterative, and incorporates

the feedback actions necessary to ensure convergence.

We provide summaries of the

requirements and design phases, excerpted from [Blanchard and Fabrycky 90] and
elsewhere

2.2.1.1

as indicated.

Phase I: Definition of Need/Requirements Capture
This phase of the process establishes first things first.

the system are established.

Specific requirements for

These include: operational and functional performance,

delivery time, mission profile, distribution and deployment, applicable effectiveness
measures, environmental requirements, operational support and maintenance, and
1]

expected lifetime.

Lim et al. [92a; 92b], West et al. [90], Ramesh

[92] and Rouse et

al. [91] address what they consider the acute need to focus on human factors
considerations at this early phase.

There is an intensifying focus on the importance of

accurate and traceable requirements capture.

This is reflected in tools and models

described in numerous works presented at recent annual meetings of the Complex
Systems Engineering Synthesis and Technology Assessment Workshop (CSESAW).
See e.g., [Palmer and Evans 94; Nallon and Edwards 94; Rundlet and Miller 94;

Jeffords 94; Hugue et al. 94; Halligan 93; Karangelen 92].

Punctuating this increased

emphasis, Ramesh [94] advocates a traceability model implementable at the prerequirements stage, based mostly on experience and judgments from panels and
working groups from particular classes of application domains.
2.2.1.2

Phase II:

Conceptual Design

The conceptual design phase begins with the requirements specification.

The

activities of the previous discussion are often the front end of the conceptual design
phase.

Evaluators conduct feasibility analyses, establishing a valid need for a system

and determining if existing technology can be integrated into a solution, or if
development of new technology is warranted.

Forging the foundations of the system

maintenance concept and maintenance-related issues pertinent to advance product
planning is also tackled in this early stage.
Given operational and maintenance requirements as goals, systems engineers
conduct a preliminary system analysis to determine different technical means by which
the system requirements can be met.
One most appropriate.

Candidate solutions are evaluated to select the

The relative paucity at this stage, of firm values for system

measures of merit, leads to creative analysis and evaluation techniques for choosing
among alternatives.

Dong

[87], Verma

[94] and Verma and Knezevic [94] employ

fuzzy mathematics.

Diteman and Stauffer [93] and Hyde and Stauffer [90] present a

comparison of alternative comparison techniques.

They find that absolute comparison

of alternatives to a standard performs more reliably than pairwise comparison among
12

alternatives.

Thurston [91] suggests a method for evaluating design alternatives which

is based on utility theory, but with positive implications for the iterative nature of the

re-design process.
At the end of the tradeoff studies, a ranking of candidate alternatives is

established, and the "best" candidate is pursued for further development.

A conceptual

design review is conducted to ensure the design is traceable to stated requirements, and
is appropriately and correctly documented.

The design review documentation serves as

a baseline for the preliminary design phase.
2.2.1.3

Phase III; Preliminary Design
This phase begins with the results of the conceptual design phase, normally a

technical baseline for the system based on the detailed requirements specification.
Requirements are mapped onto qualitative and quantitative requirements for functional
subsystems.

Functional analysis is performed to determine what the system is to do,

not necessarily how the functions are to be accomplished.

Both operational and

maintenance functions are considered, in parallel when possible, to ensure sufficient
maintenance functions are provided to support sustained operations.

Functional and

operational requirements, e.g. system effectiveness factors and physical maxima and
minima, are allocated down to the functional subsystem, component, subcomponent, or
even unit level.

The same is done for support and maintenance requirements as well as

life cycle cost factors.
Functional allocation involves determining what media will be used to
implement a given function.

Automated tools exist which aid design engineers in

making functional allocation decisions.

Webster

Midkiff and Fabrycky

[91], Tarnoff [91], and

[87] describe a design decision support system for determining functional

allocation between hardware, software, and firmware.

The comprehensive

DeStinAtiOn methodology [Howell, et al. 92, 91] developed for the Naval Surface

Warfare Center, is used by design engineers for generating design allocation
alternatives, and performing functional allocation trade-off analyses.
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Trade-off and optimization are performed to attempt to achieve the most
desirable level, or determine the most achievable level, of each indicator of
measurement.

Analytical methods and models are often required to implement the

required computations and resultant representations.
selecting achievable levels of each system parameter.

These aid the engineer in
Contemporary examples of

optimization tools include CEO, a GUI-based cost effectiveness optimizer available for
the Microsoft Windows™

platform [Pukite and Pukite 94] and SHARMA

[Alqadi and

Ramanathan 93], a tool for synthesizing heterogeneous computer systems for real-time
complex system functions. These tools and those in their class can be quite
sophisticated and were developed in response to the growing need for highly evolved
automation in complex system design analysis.
As in conceptual design, there are many unknowns which must be grappled with
in the trade-off process.

Traditional utility theory techniques and Taguchi methods

[Taguchi 86] are still widely used, but other recent techniques have been proposed.
Total Quality Management is used to improve a product by improving the processes
which lead to its development (see, e.g., Stoll and Zubas [94]).

describes a knowledge-based trade-off and selection technique.

Hopgood [89]

Wood and Antonsson

[91, 90, 89], Otto [93], and Otto and Antonsson [93] propose an alternative "method of
imprecision" for conducting evaluation and tradeoffs under uncertainty.
System synthesis is concerned with combining system elements in a way which
forms a functional system.

Synthesis functions include allocation of requirements to

functional and nonfunctional components, and determining techniques for testing,
operating, and supporting system elements.

Example tools and methodologies from the

literature are discussed by Howell, et al. [92, 91], Min and Chang [93], and
Zimmerman and Sebastian [93].

Results of trade-off and optimization studies lead to a set of design-to
requirements which will be implemented in physical systems and algorithms in the
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detailed design phase.

The preliminary design review provides a comprehensive suite

of documentation which serves as the baseline for the detailed design phase.
Phase IV: Detailed Design and Development
Following the results of the preliminary design phase, a system moves into the
detailed design phase.

True to its name, this phase is where all the details are hashed

out and carefully documented.

The activities of this phase include describing

subsystems down to their lower level subcomponents, preparing detailed design
documentation (e.g. detailed drawings, flowcharts, etc.), definition and development of

computer software, development of system and/or subsystem prototypes, development
of a comprehensive system model, and test and evaluation of the system model.
System effectiveness measures, technical performance measures, and cost

effectiveness measures are to be designed into specific components at this stage.
Computer Aided Design (CAD) and Computer Aided Engineering Design (CAED)
tools are employed to assist in preparing detailed diagrams, etc. for circuit board
layout, and system superstructure and infrastructure layout.

Design engineers employ

specialized decision support systems and analysis tools for evaluation of components.
This is to gauge the degree to which prototype or actual components demonstrate
compliance to the associated figures of merit, performance and functional indicators.
A discussion of the general analysis model is given by Blanchard and Fabrycky [90]
and Midkiff and Fabrycky

[91].

Tools described in [Kim and Bacellar 93], [Howell, et

al. 90], and [Andert and Peters 93] are representative of tools appropriate to this stage
of design evaluation.

Some of the tools referenced above are also used at this stage in

system evolution.
Before the completion of this most rigorous of the design phases, the system
design undergoes a formal design review.

This includes equipment design reviews

based on requirements specifications, diagrams, computer data, and component parts
lists.

Bugs, inconsistencies, and incompatibilities are reported and corrective action is

prescribed.

After resolving discrepancies uncovered in the formal design review, the
15

design is essentially frozen and undergoes a critical design review to ensure the
discrepancy resolutions are satisfactory.

It is important to note that a great deal of

planning and participation is required of many engineers and specialists to ensure a
thorough, valid, and effective critical design review.

2.2.2

Design Measurement and Evaluation
A summary of the design phases of complex system engineering is presented in

Section 2.2.1.

The key concepts which bear on this section are as follows:

(1) System design is a critical part of the system life cycle.
system are much less costly early in the life cycle.

Changes to the

In later phases, when

task allocation and commitment to particular architectures have been
decided, design changes can result in delay of system delivery.

Changes

may also result in broken contracts, which can lead to expensive lawsuits
and even premature project termination.
(2) Design evaluation, which occurs throughout the design phases, is driven by
operational and functional measures of merit, established in the requirements
solidification phase.
(3) Evaluation is often difficult, requiring computations under uncertainty, since
complete information is rarely available to evaluators when it could be the
most useful for ensuring life-cycle cost goals can be met.
In the following subsections we address issues pertinent to design measurement
and evaluation.

There are various terms used for the measurable quantities and

qualities associated with a system and its associated design.

These following terms are

used almost synonymously in the literature: metric, measure, factor, attribute, index,
figure of merit, merit index, measure of merit, and indicator.

The term "indicator" is

used herein to represent any of the above terms, except as otherwise indicated.

An

indicator can be a directly measurable quantitative value, or an indirectly measurable
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qualitative value.

Assessment and assignment of values to system design indicators are

at the crux of the research approach described herein.
2.2.2.1

Integration emphasis
Complex systems require synergism of humanware, hardware, and software,

whose performances intersect at well-established interfaces (refer to Figure 1.1).
Integrated evaluation is required to ensure those synergistic requirements of the system
which are satisfied if the design is implemented correctly [Blanchard and Fabrycky 90].
Take a naval surface vessel as an example.

Based on individual domain evaluations, it

may at some point be accepted that the computers and the radar and crew, etc. all
separately meet specifications.

Still, a very strong indication is needed that they all

will work synergistically in all conceivable scenarios before the Navy would be willing

to deploy the finished product and hundreds of lives in a hostile environment.
Not surprisingly then, any consideration of obtaining a system-level evaluation

of the design should emphasize the integrated nature of the system.

But the research

heretofore has focused primarily on the evaluation of smaller pieces of the system,
ranging from individual software modules up to complete subsystems.

In recent years,

the increasing emphasis on human factors issues (human-computer and man-machine

interaction) has led to the standard practice of at least pairwise cross-domain
evaluations.

A likely reason for the slow maturity of system-level integrated evaluation

is that it has been easier to develop evaluation tools for essentially autonomous
systems, than for systems which interact with other systems.

On the other end of the

spectrum is the realization of the unfathomable size which a representation of every
measurable quantity and quality of a complex system design would be.
Nonetheless, system-level gauging of design quality and system efficacy
requires examination of humanware, hardware, and software systems not only
separately but also as they interact with and depend on one another.

For any

reasonably comprehensive level of abstraction, this could lead to a large number of
composite indicators to examine.

Additionally, these indicators span a wide range of
\7

not only engineering disciplines, but human factors and psychological disciplines as
well.

Experts from the many disciplines as well as interdisciplinary experts are

required for a comprehensive evaluation.
2.2.2.2

Representing System-Level Indicators
It is at best a difficult task to collect a meaningful and manageable set of

integrated system-level indicators.

It is perhaps more difficult to accurately depict the

sometimes complex relationships and dependencies among the indicators.

But once a

set of acceptable indicators has been determined, a taxonomy or hierarchy is an
appropriate representation device.

We now present a brief elaboration on taxonomies

and hierarchies that provide sufficient background for their application in later sections.
2.2.2.3

Taxonomies

Hyde [89] has studied techniques for assigning and combining weighted scores
for elements in a taxonomy for the purpose of system evaluation.

criteria which a taxonomy should meet.
orthogonality.

He offers two

The first is that it should express perceptional

This means each element at a given level should be perceived as being

mutually exclusive from every other.

The implication is that no element should fall

under any two "parent" elements in the taxonomy.
principle must sometimes be violated.

We see in Chapter 4 how this

The second principle is that a taxonomy should

be exhaustive over a domain, to be adaptable to any scenario within that domain.

As

Hyde [89] concedes, this, like the first, is certainly a restrictive requirement, which
almost any publishable taxonomy violates.
literature in almost every discipline.

Nonetheless taxonomies appear in the

The general paradigm for Hyde's approach is the

positional role elements in a taxonomy play.
dimensions.
of abstraction.

Highest level elements are called

Dimensions are characterized by attributes, which represent a lower level
Attributes in turn are assigned a value at the lowest level of the

taxonomy.
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Meister [89] discusses literally a taxonomy of taxonomies, generally without

regard to structure.

Two particular taxonomic forms applicable to this research are the

research taxonomy and the taxonomy of measures.

According to Meister [89 p. 120]

"The great value of the research taxonomy is that it organizes and structures the
variables the researcher must deal with, thus expanding the researcher's understanding
of the interrelationships among those variables."

t

This notion of understanding

relationships and dependencies among parameters of interest is shown to be a key to
design evaluation as we intend it. Meister [89] also asserts, without elaboration, that a
taxonomy of measures should always accompany a research taxonomy.

We suggest a

reason for complementary nature of the two taxonomic types is that the set of indicators
corresponding to a research parameter enable the researcher to gauge the degree to
which variance of the parameter's value is accounted for.
2.2.2.4

Hierarchies

The hierarchy is a less restricted form of taxonomy.

The characteristic of

exhaustivity is still desirable, but the hierarchy recognizes multiple relationships
between elements.

Saaty [86] presents detailed axiomatic foundations of analytic

hierarchies as a foundation for the Analytic Hierarchy Process (see Section 1.2.4).
Saaty [90a,90b,93,94] extends the earlier work to include the priority-setting advantage
of the hierarchical representation.

Through pairwise comparisons among sibling

elements relative to their parent, local priority among the siblings can be determined.
These comparisons are based on a ratio scale technique, which lends special properties
to the entire hierarchy.

Multiplicative combinations of local priorities down the

hierarchy allow establishment of global priorities for all elements.

This priority

generation, in various forms, augments the power of the taxonomy to include degree of
relationship between elements.

Both the existence and intensity of relationship prove

important elements of the evaluation scheme described in Chapter 3.
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An example of application of indicator hierarchies is found in the Objectives,
Principles, and Attributes (OPA) framework for evaluation of software system
development methodologies

[Arthur and Nance 87,91].

The OPA framework is similar

in structure to that of Hyde [89], except applied to a hierarchy instead of a taxonomy.
At the top level of the hierarchy are the objectives for the entire software development
effort.

Governing principles guide the process of system development.

relate to objectives in a many-to-many relationship.

Principles

Finally, adherence to the

principles is indicated by a set of attributes which characterize the finished product.
An example OPA hierarchy is presented in Figure 2.1.

OBJECTIVES
Adaptability

PRINCIPLES

ATTRIBUTES

Concurrent
Documentation

Cohesion

TL

Complexity

Correctness

Wy ’ Li
Hierarchical

Decomposition

Hiding

Life Cycle

Verification

Coupling

LV VA

) (/

LM
Information

fl

i

Early Error Detection

Ease of Change

Readability

Traceability
Stepwise
Refinement
Visibility of Behavior

Testability

Structured

Programming

Well-Defined Interfaces

Figure 2.1. Objectives, Principles, and Attributes Diagram.
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2.2.2.5

System-Level Indicator Hierarchies
Given that hierarchies of parameters are recognized as valuable tools for

research and evaluation, then such structures are applicable to the representation of
indicators for complex system designs.

For years in the literature there have been

examples of collections of indicators, little more than laundry lists and largely without
regard to indicator relationships and dependencies.

Blanchard and Fabrycky [90] have

culled indicators from experience in systems engineering research. Similar collections
of indicators are gathered in [Card and Glass 90; MOller and Paulish 93] for software
metrics and in [Meister 89,91] measurement of the human in a system.

Also appearing in recent literature are some taxonomies developed for the
expressed purpose of system evaluation, though none represent significant depth in
structure or substantial numbers of indicators.

We see these efforts to superimpose

causal and comparative relationships on otherwise unordered lexicons of indicators as
important first steps in system-level assessment and evaluation.

Taxonomies or

hierarchies from the literature which specifically deal with systems and system designs
are presented in the remainder of this section.

Diteman and Stauffer [93] follow Hyde

[89] with a broad and general representation (Figure 2.2).

Thurston [91] presents

another high-level taxonomy of desirable performance characteristics for a system
under design (Figure 2.3).

Perhaps the most comprehensive effort to date is a

taxonomy of system design factors proposed by Nguyen and Howell [92,94] shown in
Figure 2.4.

The authors have been involved in system-level design factors for several

years, and are involved in a large effort to employ evaluation of complex systems
designs by system-level indicators.

Still, their taxonomy, while providing excellent

coverage in breadth, does not represent many of the indicators at subsequent depths.
The shortcomings of these efforts point to a need for a more focused and yet
more in-depth coverage of the indicators for complex system design evaluation.
direction of attack, we believe, is appropriate for attaining both goals.
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SYSTEM
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Attributes

Resource
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INTERFACE

| Repair
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Direct Safety

Indirect Safety
Warning
Mental Ergonomics
Physical
Ergonomics

Ergonomics

$
{

| Visual Order
Perception of Function

Aesthetics

| Cultural Style

Figure 2.2. Example System-Level Hierarchy.
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Given the integrated approach to complex systems design evaluation, we choose
a top-level parsing into seven major sections.
"hardware,"

These include "humanware,"

"software," human-software, human-hardware,

and hardware-software and

the "hyper-interaction” domain in which all three major domain components interact.
This launching point facilitates a more straightforward aggregation of the indicators
described in the literature, which generally focus on a single domain or interface.
For examples from the literature which address a more narrow evaluation
scope, see, e.g. [Aas, et al. 89; Amalberti 92; Arthur and Nance 91; Arthur, et al. 87;
Ashlund and Hix 92; Ballas, et al. 90; Banks, et al. 88; Barnett 90; Becker, ef al. 91;

Blackman 90; Blackwell

and Cuomo 91; Boy 87; Brown et al. 91; Butler and Finelli

93; Byers, et al. 91; Cacciabue 92; Callahan, et al. 90; Card and Glass 90; Carter and
Wachtel 92; Chu, et al. 91; Crawford 92; Cuomo

and Bowen 92; Cuomo and Rizzuto

90; Flach and Bennet 92; Goodman 93; Hahler, et al. 91; Halbert, et al. 92; Harbour
and Hill 90; Heinecke 93; Hetzel 93; Hewett 90; Hollnagel 92; Jahanian 93;
Johannesen and Woods 91; Jones and Biers 92; Jones and Mitchell 91; Jones and
Mitchell 91a,91b; Jubis 90; Kapasouris, et al. 91; Kirkpatrick, et al. 90; Knapp and

Vardaman 91; Knapp, et al. 91; Kopetz 93; Lala and Harper 93; Langen and Rau 90;
Lee 93; LeMay and Comstock 90; Levendel 93; Lim, et al. 92; Locke 93; Malone, et

al. 92; Meister 89; Merwin and Wickens 91; Meshkati 88; Min and Chang 93;
Mitchell and Williams 93; Modrick 92; Mdller and Paulish 93; Ntuen 91a,91b; O'Hara
91,92; Paula, et al. 93; Pawlowski and Mitchell 91; Peters 91; Plocher, et al. 91;

Rasmussen and Vicente 89; Reichardt 93; Reid and Nygren 88; Rouse and Hammer 91;
Rowe 92; Rueb, et al. 92; Salvendy 87; Sarno and Wickens 92; Selcon, et al. 91;
Smith 93; Smith and Williams 93; Stassen, et al. 90; Staveland 91; Ujita 92;
VanderWeil,

et al. 93; Verfurth, et al. 91; Vidulich 88; Visciola, et al. 92; Weiland, et

al. 92; Weisgerber and Kibbe 90; West and Adelman 90; Whitaker, et al. 90;

Whitaker, et al. 90; Woods 90a,90b; Woods and Eastman 89; Woods, et al. 90;
Woods,

et al. 92; Xu and Parnas 93; Yoshimura, et al. 92; Zinser and Henneman 88].
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Figure 2.3. Example System-Level Hierarchy.
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Figure 2.4. System Design Factors.

2.2.3

Indicator-Based Evaluation

In this section, we describe the general technique of evaluation by indicators.
Certainly, this technique has been around for many years most notably in the form of
the utility theory from von Neumann and Morgenstern [47].

The general method is to

assign a value to each indicator, weight the value by the importance of the indicator to
the entity under evaluation, and then aggregate the weighted scores for an overall
assessment.

Recent publications in the literature show variations on the basic theme

[Otto and Antonsson 91,93; Thurston 91; Keeney and Raiffa 93].

We present example

techniques for indicator scoring and weighting, and for the process of arriving at an
overall aggregate score.
2.2.3.1

Indicator Scoring
With the foregoing in mind, we turn now to variations for assigning scores to

indicators which have appeared in the recent literature.

In brief, we discuss simple

single values, a probabilistic or fuzzy range of values, and a nonlinear function to
assign values.
Crisp values are the most easily assigned.
defined above.

These correspond to metrics as

They can also be values from a scale, say 1-10 (see discussions in

[Webster 87; Hyde and Stauffer 90; Hart and Staveland 88; Reid and Nygren 88}).
Hyde and Stauffer evaluated several popular types of psychometric scaled scoring

methods and found global scales, both single- and multi-dimensional, to be more
applicable to design evaluation than their guided (flow-chart-oriented) counterparts.
Values which are not crisp may be represented as ranges or as fuzzy values.

A

range includes confidence intervals generated through simulation, vague terms which
stand for ranges, e.g. low or high, or vague terms which have ranges with fuzzy
boundaries.

The latter are often related to fuzzy values, which originated in the area of

fuzzy mathematics [Zadeh 65].
is provided in Section 2.3.5.

An overview of the foundations of fuzzy mathematics
Examples of scoring via fuzzy values are found in

[Ayyub and Eldukair 89; Cui and Zao 91; Dembicki and Chi 91; Dhingra and
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Moskowitz 91; Dubois 92; Fukuda 89; Hadipriano 89; Hadipriano and Ross 91; Iqbal

and Kinzel 92; Kraslawski, et al. 93; Kubic and Stein 88; Paek, et al. 92; Rao, et al.;
Thurston and Carnahan 92; Vadde, et al. 92; Verma and Knezevic 94; Voland and

Thuan 89; Wood and Antonsson 90; Zhang and Gaggioli 92].
A hybrid type of indicator score is discussed by Thurston [91].

It is adapted

from general utility theory and the lottery method of Keeney and Raiffa [76,93].

For

each indicator, Thurston adapts a range of values determined by a nonlinear utility
function U,(x;).

The method generates a value which is computed as follows.

Fora

single attribute (indicator), present the designer/evaluator with two alternatives: one

with a value, A,;, which can hypothetically be achieved for certain, and one, Ag, for
which there is a pair of extreme values, with probabilities p and 1-p of achievement,
respectively.

For the value A,, it is determined at what value of p for Aj, the

evaluator is indifferent between A, and the uncertain value at probability p.
The resultant value for p completes the ordered pair (A;,p).

A, is then adjusted

to halfway between its value and the last value at which the uncertain alternative is
preferred, and the process iterates. The series of ordered pairs form the utility function
U,x;) for attribute x;.

Plotted on a graph, the abscissa, would span the range of values

for A; and the ordinate would range from zero to one.

Thurston references ASSESS, a

computer program which assists in automating and displaying the value computations.
Note that the range of values for Ay could be generated by simulation, and the value for
p could be a judgment of specialist or domain expert, depending on the nature of x;.
2.2.3.2

Indicator Weighting
There are certainly as many variations on the theme of indicator weighting as

for score assignment.

The easiest and yet probably the least traceable or reliable

method is simply brute force.

An evaluator relies on experience or a standard of some

sort and just assigns a criticality factor to weight an indicator.

The weight can then be

normalized by the sum of all weights for the collection of indicators.
purpose of the weighting scheme, normalization may not be desirable.
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Depending on the

A more concrete approach is mentioned by Blanchard and Fabrycky [90].

They

employ this technique in reliability assessment by assigning criticality to a component
based on, e.g., the normalized number of subcomponents it contains.

A similar

approach can be applied, e.g. to the number of methods in an object, the number of
external function calls in a software module, etc.

A probabilistic class of weighting techniques is employed in the various
literature on modeling and prediction.

The objective is to derive coefficients for a

subset of indicators and a possibly non-zero constant, to form a regression.

An

example predictive regression equation for four indicators would be:
P=c

+ Q)X; + GX) + AX; +A4X4,,

where P is the predicted value, c is the constant, x,..x, are the variables, and a,..a, are
the regression coefficients.
applied to the variables.

The coefficients are effectively the probabilistic weights

This technique is most appropriate to low level prediction

scenarios, where the variables can actually be measured, as in the case of metrics.

Other methods apply techniques to manipulate human judgment.

Thurston [91]

employs a scaling factor in the general utility equation and a lottery technique similar
to the score assignment procedure described above.

The weight of criticality for a

particular indicator is determined similarly, but for a single value as opposed to a
function.

In this procedure, all attributes are considered together.

The hypothetically

certain case is given where the indicator under evaluation is considered to be at its
optimum value, and all others at their worst.

The uncertain alternative is represented

at the two extremes of all attributes at their best and worst, again with probabilities p
and 1-p, respectively.

The scaling factor, k,, for indicator 7, is the probability p at

which the certain alternative is equally as preferable to the other alternative.

Thurston

attempts to draw a distinction between this scaling factor and the concept of a weight or
relative criticality, but the argument lacks sufficient evidence to be persuasive.

Additionally, Thurston employs the scaling factor in the same manner as other utility-
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based methods apply a weight factor.

Nonetheless, the approach is a valid one, and, as

with the scoring technique, it can require simulation and expert judgment to implement.
A final weighting technique from the literature which mathematically
manipulates human judgment comes from the analytic hierarchy process [Saaty 80,94]
It is an enhancement of other pairwise comparison techniques such as discussed in

[Otto 93].

The details of the technique are presented in Section 2.3.

To be used as a

weighting scheme, all the elements under consideration must be organized into a
hierarchy.

Then the evaluator makes pairwise comparisons of relative importance

among all sibling children elements of a particular parent.

From a matrix of the

pairwise comparisons, a relative weight, local to each element in the immediate subset

can be determined.

The local weights within a subset sum to unity.

For an entire

hierarchy, global weights can be determined by multiplying children's' weights by the
weights of their parents.

The method proceeds in a bottom-up fashion.

the AHP is the attention to consistency in making pairwise judgments.

One benefit of
The AHP is

tailored to the normal inconsistencies in human judgment, and provides mechanisms for
assessing and adjusting consistency as necessary.

More discussion of consistency

issues are provided in Section 2.3.4.2.
2.2.3.3

Score Aggregation
Even after the weights and the scores have been computed, there remain

variations in the techniques to combine scores for an entire collection of indicators.
The general form for the aggregate score U is the sum of products, U=Zw,x,, where w,;
and x; are respectively the weight and score of indicator i. Hopgood [89] proposes an
alternative approach, AIM (an improved method), for score aggregation:
U = I{[(wQ) - w_mid_point) * (pi) - p_mid_point)]
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+ shift_term}.

U is the aggregate score, w(/) is the weight of indicator /, p(i,/) is the performance of
indicator j relative to its parent indicator, 7. The mid_point terms are the respective
midpoints for the weight and performance score ranges.

The shift_term is the

minimum number required to ensure the combined weight and performance rating is
positive.

The product is taken over all, children of parent i.

The key advantage to AIM is its greater discriminability among elements from
the four combinations obtained from low/high score and low/high weight.

Hopgood

points out that the usual method does not discriminate well between a low scored
element with a high weight and a high scored element with a low weight.
there is the power to make such distinctions more vivid.

With AIM,

For example, regarding

design evaluation, a low score on a highly weighted element should act to diminish the
alternative, but a high score on a lowly weighted alternative should not diminish it.
Conversely, AIM tends to over bias a high score on a lowly weighted indicator.

This,

Hopgood asserts, is a desirably more conservative approach than the usual method.

2.3.

DESIGN EVALUATION TOOLS AND TECHNIQUES
In this section, we provide an introduction by way of overview of some of the key

mathematical and logical tools which are applied in the methodology.

The Analytic

Hierarchy Process is employed for indicator weighting, Fuzzy Mathematics is a key

method used in indicator scoring, and application of a rule-driven knowledge base is the
center of a computational engine to compute and analyze indicator aggregate scores.
2.3.1

The Analytic Hierarchy Process
The Analytic Hierarchy Process (AHP) has its roots largely in management and

political decision theory, where Thomas L. Saaty employed an eigenvector model to
determining priorities from a matrix of relative comparison judgments [Saaty 72].
Since then hundreds of adaptations, extensions, criticisms, and applications of the AHP
have been published in many languages.

Application of the process to industry

problems continues to proliferate as industrial systems and artifacts become more and
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more complex, and decision-makers rely less on metric precision and more on human
judgment in the face of critical "best-evidence-based" decisions.
Several authors who track and document development and application of the
AHP have provided introductory overviews of the AHP over the years
Saaty 87; and Forman 93].

[Zahedi 86;

More specific, technical, or mathematically rigorous

discussions appear in [Apostolou and Hassell 93; Basak 93; Blankmeyer 87; Dadkhah
and Zahedi 93; DeTurck 87; Harker 87a,87b; Harker and Vargas 87; Jensen and Hicks
93; Masuda 90; Moreno-Jimenez and Vargas 93; Murphy 93; Saaty 84,86,87,93,94;

Saaty and Vargas 84; Salo 93; Triantaphyllou and Mann 90; Wang and Raz 91; Wedley
93; Wedley, et al. 93; Zahedi 87].

Among the published applications of the AHP one can find numerous instances
relevant to complex systems engineering.

Table 2.1 lists of some of the most relevant

topics.
2.3.1.1

Saaty's Original Method
The basic steps in applying the AHP are as follows:

1.

Define the decision issue and bound its scope.

2.

Structure a hierarchy of the (potentially subjective) elements contributing to a
decision.

3.

In a bottom-up fashion, construct a pairwise comparison matrix of the relevant

Table 2.1. Applications of AHP to Complex Systems.

Application Area

Source

Static Evaluation of Combat Force Potential

‘Lee and Ahn 91

Evaluation of Distributed Control Systems _- Peterson 84
Site-Suitability Analysis
Banai-Kashani 89
Cognitive Task Allocation

Papantonopoulos and Salvendy 93

Job Labor Intensity Evaluation

Shen, et al. 90

Computer Interface Evaluation

Mitta 93

Software Evaluation
Software Reliability

Software Development Productivity Factors

Software Development Effort Prediction
Project Risk Assessment
Project Evaluation and Selection
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Toshtzar 88
Zahedi and Ashrafi 91
Finnie, et al. 93

Lee 93
Mustafa and Al-Bahar 91
Khorramshahgol, et al. 88

contribution or impact of each element on its governing criterion in the next higher
level.

Saaty [1980] has developed a scale for use in computing relative worth of

decision elements (Figure 2.5).
4.

Using the eigenvector method described by Saaty [1980], compute the relative
contribution of each element and test the individual matrices for consistency (reflects
soundness of judgment, understanding of the interdependencies of criteria, etc.).

5.

Working downward through the hierarchy, use hierarchical composition to combine
the weight vectors and arrive at global and local relative contributions (priorities) of
each element.

6.

Perform overall consistency check on the completed hierarchy of weights.

Reassign

relative weights contributing to a consistency ratio out of tolerance.
2.3.1.2

Criticisms and Extensions

The AHP has not been without its detractors.

Triantaphyllou and Mann [90]

examine the effect of the discrete scale {1/9, 1/8, 1/7,...,1,...7,8,9} generally
employed in the AHP.

They demonstrate how the AHP does not derive correct

membership values for elements of a fuzzy set, with known membership values.

They

suggest the fault lies in the AHP's requirement to restrict pairwise comparisons to the

COMPARATIVE
IMPORTANCE
1
3

5
7
9
2,4,6,8
Reciprocals

DEFINITION

EXPLANATION

Equal importance
Two elements contribute equally to the property
Moderate importance | Experience and judgment slightly favor one
element over another
Essential or strong
Experience and judgment strongly favor one
importance
element over another
Very strong
An element is strongly favored; its dominance is
importance
demonstrated in practice
Extreme Importance
The evidence favoring one element over another is
of the highest possible order of affirmation
Intermediate
Compromise is needed between two adjacent
judgment values
judgments
When element i compared to j is assigned one of

the above numbers, then element j compared to i

is assigned its reciprocal.
Figure 2.5. Scale of Judgments Used in Pairwise Comparisons.
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discrete values enumerated above.

others.

Forman [93] counters this assertion and several

Saaty [80,90,94] and Harker and Vargas [87] posit that although any real or

integer scale can be used for establishing priority, the 1-9 scale was experimentally
demonstrated to be the most widely applicable and practical scale.

Another common point of contention with the AHP is the need to deal with
unacceptable inconsistency in pairwise comparisons.

Murphy [93], and Apostolou and

Hassell [93] attack the fallibility of the consistency requirement, but DeTurck [87],
Harker [87a, 87b], Blankmeyer [87], and Wedley

[93], offer constructive alternatives

to consistency determination and adjustment, which have reinforced the credibility and

extended the applicability of Saaty's work.
The mathematical soundness of the process has been demonstrated repeatedly.
Rigorous mathematical proof can be found in [Dadkhah and Zahedi 93; Harker and
Vargas 87; Saaty and Vargas 84], and [Saaty 80,90,94].

Proofs of soundness cover the

mathematical nature of the hierarchy itself, the ratio scale of comparisons, the
eigenvector method, and consistency issues.

Of notable importance is Saaty [86],

wherein complete axiomatic proofs of the AHP are provided.

Ultimately, for our

purposes of assigning weights of criticality to system indicators, the AHP is competent
to provide the needed accuracy.
2.3.2

Fuzzy Arithmetic
Much has been written on the subject of fuzzy mathematics since its

introduction as an extension of set theory [Zadeh 65].

There are numerous textbooks

which thoroughly examine the subject and its extensions [Kandel 86; Zimmerman 91;
Klir and Yuan 95; Kaufmann and Gupta 85; Tzafestas and Veretsanopolous 94].

We

cursorily discuss this time-tested topic briefly from the most general of perspectives.
In this section we provide an introduction to the concepts, terminology, and operations
associated with fuzzy arithmetic.

This is sufficient to lay a foundation for the way in

which we employ fuzzy arithmetic to design evaluation.
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We gratefully acknowledge

the work of Verma [Verma and Knezevik 94] from whose well-developed primer on

fuzzy arithmetic we draw the greater part of the discourse in the next section’.
The World Book Dictionary defines fuzzy as “blurred” or “indistinct” [World
Book 87].

In the realm of fuzzy mathematics, it is the boundaries of sets or numerical

intervals which are blurred or indistinct.

We introduce the subject with the concept of

a fuzzy set, of which a fuzzy number is a special case.
Let X be the field of reference encompassing a definite range of objects (in
other words, a relevant universe).

Consider the subset A where the transition between

membership and non-membership is gradual rather than abrupt.

In other words this

fuzzy subset of the relevant universal set obviously has no well defined boundaries.
For example, assume A to be the set of all short men in a military squadron.

There are

men in the organization who are definitely members of this set (very short men), and
those who are definitely not (very tall men).

But there are also men who are on the

borderlines.

In the field of crisp sets, every element in the relevant universe is assigned a
discrete membership value of 1 if it is definitely a set member.
a membership value of 0 if it is definitely not in the set.

An element is assigned

In the realm of fuzzy sets,

elements are allowed to have membership values anywhere in the continuous range of
real numbers [0,1] so that the demarcation of membership is gradual rather than abrupt.
It follows that the more definitely an element belongs to a set, the closer is its
membership value to 1, and conversely so, relative to 0, for approaching definite nonmembership.
Formally, for a given fuzzy set, A, there exists a membership function, p,(4),
for every element, x, of the relevant universe.

The membership function,

,4(x), maps

x to a value in the range [0,1], representing its degree of belonging to the set A.

A

' In some cases, without further acknowledgment, exact wording has been excerpted from the
original work, for which we have the permission of the author.
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particular benefit of the membership function concept is the immediate ordering of
elements in the set, which in many cases is of more direct worth than the actual
membership value.

Consider, e.g., how the relative membership values of alternative

design configurations under a particular set of constraints would be of use in selecting
the most suitable alternative.
Related to fuzzy sets are fuzzy linguistic variables [Zadeh 75].

Such a variable

is a vague natural language word or phrase, e.g. "low" or "much above average."
When humans deal in imprecise valuations, it is more natural to think in terms of
linguistic categories than numerical ranges.

A collection of these terms for a particular

concept is called the Zerm-set for the concept [Verma and Knezevic 94, p 125].

A

term-set need not be finite, as in the following example, for the concept Height.

Term-

set(Height) = tall + not tall + very tall + not very tall + very very tall + ... + short
+ not short + very short + not very short + very very short + ....
represents a union operator.

Here, the "+"

In practical applications, finite term-sets require less

discriminability on the part of the user.
In design evaluation, however, when the process requires numerical values for
score computation, linguistic terms must be mapped to real numbers.

Verma and

Knezevic [94, p. 25] describe the concept of a compatibility function, which is similar
to a membership function for a fuzzy set.

The compatibility function provides a

mapping from elements in the relevant universe to membership in a linguistic term.
For example, consider the linguistic concept of weight, and the term heavy, which is a
restriction on the total interval for weight.
from 5 to 1000 kilograms.

We assume Weight has a bounded interval

The compatibility of the weight values 50, 200, and 999

with the fuzzy restriction labeled heavy might be 0.01, .12, and 1.0, respectively.
Notice that the compatibility function need not be linear.

Additionally, there

may be non-linear functions which map between linguistic variables.

For example, we

may choose to represent the compatibility function, CF of very heavy as CF(very
heavy) = CF(heavy)’.

The CF is tweaked to represent the degree of acceptable values
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applicable to a particular variable, for a particular situation.

Herein is the essence of

the application of fuzzy values to real systems assessment.
We consider now the concept of a qualifier, a, for membership in a set.

The a

qualifier has the effect of narrowing the membership of elements in a set to only those
whose membership is p(x) >a.

Thus A under « becomes A,=

{x|pa(x) > a},a€

[0,1].
There are two additional restrictions which may be applied to membership
functions.

Convexity recursively requires that every ordinary subset of A is also

convex, i.e. that the membership function is continuous and has no dips or local
minima.

The requirement of normality guarantees that for at least one element x in the

relevant universe, u,4(x)=1, i.e. that at least one element definitely belongs to the set
[Gupta and Kaufmann 91; Klir and Yuan 95].
concepts.

The figures below demonstrate these

Figure 2.6 is both convex and normal.

Figure 2.7 is neither convex nor

normal.
A fuzzy number is a special case of a fuzzy set which is both normal and
convex, as in the figure on the right.

The fuzzy number's value is a placeholder for a

single variable, but whose value is represented by an interval.

This interval is distinct

from a confidence, as used in probability, for which the interval represents probability
of a value taken on by a random variable.

According to Kaufmann and Gupta [85, p.

14], the random variable is an objective datum, a measure; however, a fuzzy variable

is subjective, a valuation.

This aspect of the fuzzy number is particularly valuable in

the application of subjective measures, as would occur at some high-level stages in
design evaluation.
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Figure 2.6.

Convex, Normal Membership

Figure 2.7.

Function.

Non-convex, Non-normal

Membership Function.

Combinations of fuzzy numbers follows the rules below [Kaufmann and Gupta

85]. In these examples, A, and B, are fuzzy intervals [a,“, a.) and [b,, b,”],
which bound the fuzzy variables A and B, under a restriction, a € [0,1].

Addition: A,+B,= [a,™, a;] + [b,™, bo] = [a + b,,a,™ + by.
Subtraction: A,-B,= [a;™, a] - [b,, by] = [a, - ba,

Multiplication: A,°B,= [a,, a)

- b,].

Jo[b,, b,} = [a,e b,,a,Me b,™.

Division: A,/By= [a,, ap /[b,™, b,] = [a;/o,,a,/,1, bs > 0.
As examples, consider the intervals A, and B, as [-1,6] and [2,8], a e€ [0,1].

A,+B,=

[1,14],

A,-Ba= [-9,4],
A,°B,=

[-2,48], and

A,/B,=

[-1/8, 3].
This concludes our summary introduction to fuzzy arithmetic.

We have laid the

groundwork for the operations and concepts which are employed in our proposed
methodology.
One example from the literature is particularly appropriate to the topic of design
evaluation.

Paek, et al. [92] apply a weighted fuzzy score scheme to the evaluation of

designs for housing complexes.

Of particular interest is the scheme for aggregating
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scores in the indicator taxonomy they employ.

We give an overview of the technique

here.

Scores for indicator values may take the form of a fuzzy interval Z; ,(x), for the
i” criterion of design alternative x, at level h in the taxonomy.

Using expert opinion

regarding the best (BESZ;) and worst (WORZ,) values the indicator is expected to take,
the score is converted to an index interval S; ,(x),:
Sin(X) = (Zn)

- WORZ;)/( BESZ;- WORZ;), for WORZ; < Z; ,(x) < BESZ)]

S; (Xx) = [(Z;,,4) - WORZ;)/( BESZ;- WORZ,), for BESZ; < Z; ,¢) < WORZ)]
and for which in the first case, S;,(x) = 1, for Z;,(x) 2 BESZ;.0, for Z; ,(x) < WORZ,,
and for the second case, S;,(x) = 1, for Z;,(x) < BESZ;.0, for Z; ,(x) 2 WORZ,.
In the two cases listed, the first applies when a value for the best score is
expected to exceed that of the worst score (as in crew living space).

Conversely, the

second applies to the case where the best score is expected to be lower than the worst
(as in response time).

Level by level the scores are aggregated in the following

manner:

I/p,_, where:

Ljr@=
L;,(x)

x wi |Sisn 72) DP,

= the aggregate score for all indicators in group / at level h for alternative x

n; = number of elements in the sibling indicator group of parent indicator, /
Sinj = index value for the i" indicator in group / at level h
w,; = the weight reflecting the importance of indicator i within group /
p; = the balancing factor for group j, inherited from the parent indicator, /.
As described in later sections, a weighted-score aggregation scheme such as
this, with the additional balancing factor, offers the flexibility in scoring and the tools
for strategic balancing which can be extended for application to the evaluation of
complex system designs.
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2.3.3

Knowledge-Based Systems

In this section, as in the previous, we provide only an overview of the subject
matter, since the general concepts are widely known.
common to most knowledge-based systems.

We focus on the salient features

This discussion lays a sufficient

foundation for the reader to appreciate how we propose to employ this technology into
our design evaluation methodology. We are particularly interested in the components of
the systems which enable experts from an application or operational domain to input
knowledge and rules of inference.

These facts and rules can then be accessed in the

process of the evaluation of complex system designs.
Hopgood's [93] text provides a broad-based overview of the subject of
knowledge-based systems.
and decision-making.

In particular, he analyses applications to design assessment

His knowledge-based system model is shown in Figure 2.8.

The knowledge acquisition module may include a computer-based series of
questions presented to an expert or other source of knowledge.

The expert responses

would be formatted into the syntax of the knowledge base, indexed, and stored.

This

function could be quite complex and involve natural language parsers, specialty
dictionaries and thesauri, etc.

A greater discussion of this function is found in [Frakes

and Baeza-Yates 92].
The explanation module offers the capability to re-trace the reasoning followed

in arriving at a conclusion.

This could be as simple as a sequential recounting of the

Frills common
in expert
systems

Knowledge

Explanation

Knowledge

Inference

acquisition
module

Essential

components

module
FT

base

—

Humans

Interface

Tt

Hardware

engine

to

tT

Data

outside

world

Other

fT

software

Figure 2.8. Knowledge-Based System Model.
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steps, or an elaborately presented, natural-language description.

Even in the brief

explanations we have presented of these functions, it is understandable how they are
considered frills, and are more likely to be found in very large knowledge-based
systems, such as for rapid medical diagnosis.
The more basic components of any knowledge-based system are the knowledge
base itself, and an inference engine for deriving other facts and arriving at conclusions.
The knowledge base ultimately contains a structured set of facts and rules.

Facts are

presented as statements, which represent relationships between elements in the

knowledge system.

An example statement could be "MiG-29 is WEAPON TYPE

jighter" or "Battleship has HULL
_ COLOR

gray."

For illustrative purposes, different

font types and cases are used to represent different components of a fact.

In this

example, the words in bold represent instances of a knowledge element — nouns.
Similarly, upper case terms indicate ATTRIBUTE TYPES for an element.

Finally, in

this simple example, words in italics represent attribute values — adjectives.

These

parts of speech are parsed by the inference engine to match facts against other facts and
rules in the process of reaching conclusions.
We do not wish to suggest that facts in a knowledge base are so simple.

There

are likely to be thousands of both simple and compound facts in the knowledge base of
a large-scale practical system.

Additionally, the attribute values may likely be vague

linguistic terms as discussed in Section 2.3.5.

An example of a compound fact with a

fuzzy variable might be "Exocet is WEAPON TYPE
DELIVERY METHOD

anti-ship SOURCE French

/fighter-launched SPEED_CATEGORY

high-speed," where

the vague term high-speed could demonstrate the fuzzy characteristics described earlier.
As a result, inferences on fuzzy facts require fuzzy mathematical techniques.
Numerous textbooks and references in the literature describe fuzzy expert systems, see
e.g. [Gupta 85; Negoita 85; Sanchez and Zadeh 87; Kruse 91; Kandel 92].
Rules are the other type of statement in a knowledge base.
elements used in the inference engine.

They are the key

The inference engine uses facts from the
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knowledge base to match variables in the rule base to derive solutions to queries.
Rules relate two or more facts with an action.

A rule has a condition part and an

action part, referred to respectively as the antecedent and the consequent in expert
system parlance.

A simple rule for a knowledge-based advisor for a weapons control

system might be "if TIME
TO IMPACT

<

target_acquisition_time then

SIGNAL_IMPACT_ IMMINENT and SOUND_GENERAL ALARM."

In this example, the phrase

in small capital letters represents the consequent, or the action to be performed if the
antecedent is satisfied.

We again point out the near trivial nature of this rule and stress

that in large-scale systems, the rules would likely be compound and contain fuzzy
variables requiring, as in this case, extremely fast resolution.
We now make note of a particularly nagging concern with knowledge-bases,
which has direct bearing on the responses the system can generate.
the well-documented closed-world problem ([Hopgood 93].

We are referring to

This problem describes the

dilemma which arises due to the finite amount of facts in the knowledge base.

An

immediate consequence is that queries to the system may address topics for which no
facts have been entered, nor can be derived by either induction, deduction, or

abduction from the extant facts.
Consequences for an ill-designed knowledge-based system could be disastrous,
including system failure and ultimately the loss of human life.

Still, knowledge-based

systems are widely employed and increasingly so, and continue to improve in reliability
and reality of advice.

The closed world problem can be alleviated somewhat with

larger rule and fact bases and knowledge-generating engines, or machine-learning,
which have yet to achieve operational maturity.
In summary, the basic elements of knowledge-based systems are given as
follows:
(1) Human expert knowledge is converted to the facts of the knowledge base.
(2) Expert operational heuristics become condition-action rules in the inference
engine.
4]

(3) Facts and rules can be fuzzy, since they are rooted in imprecise human
knowledge.
(4) Computational resources must handle fuzzy, imprecise information with
limited information.
(5) Large-scale systems are increasingly reliant on knowledge-based controllers
and advisors.

2.4.

SUMMARY
This chapter provides a broad based overview of the literature relevant to complex

systems, and complex system design evaluation.

Specifically, the chapter addresses the

systems engineering process as a the circumscribing framework for all design evaluation.
Secondly, it provides a large list of references to the evaluation of specific complex
system components, including hardware, software, hardware, and the multi-way

interfaces among these elements.

Finally, it addresses particular tools and techniques

which have been applied to design evaluation work, including evaluation by indicators,
the analytic hierarchy process, fuzzy mathematics, and knowledge-based systems.
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3. METHODOLOGY
3.1.

OVERVIEW

INTRODUCTION
The problem description in Chapter 1 and the survey of relevant literature in

Chapter 2 punctuate the complex, judgment-based nature of complex systems design
evaluation.

It is by no means simplified, standardized, serialized, or solved by extant

techniques.

In this chapter, we introduce the major components of a methodology for

complex system design measurement and evaluation.

explanations are provided in subsequent chapters.

Greater detail, variations, and

This overview chapter is largely

pictorial, laid out in flow-based and schematic figures with detailed callout text.
sections to follow, we weave the pictures into a coherent whole.

how the evaluation methodology fits in the system life cycle.
steps in the individual phases of the methodology.

In the

Section 3.2 describes

Section 3.3 outlines the

In Section 3.4, we summarize and

close the chapter.
3.2.

DESIGN EVALUATION

SCENARIO

Our design evaluation methodology enters the system life cycle after the
conceptual design has been evaluated, and a solution system to meet operational
mission requirements has been selected.
form.

Figure 3.1 depicts the scenario in overview

It shows the organizations involved in the process and information flow between

them; dashed lines represent feedback.

In the next subsections we identify and briefly

describe the role of each organization.
3.2.1

Organizations
There are three organizations involved in the requirements engineering, design,

and design evaluation for a complex system.

They are respectively the sponsoring

organization, the designing organization, and the evaluating organization.

In the next

three sections, we briefly describe the roles of the three organizations involved in the
system design evaluation scenario.
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3.2.1.1

Sponsoring Organization
The sponsoring organization is the one with the need for a new or upgraded

complex system.

Typically this is a government agency, the military, an electric power

conglomerate, or an advanced technology-based industry.

need for which a complex system is a proposed solution.

They have an operational

This organization will

operationally employ the system in the context of a larger mission, e.g., national
defense, space exploration, public service, or capital profit.

They are the source for

operational mission scenarios, budget constraints, and operating resources, including
personnel.

Typically they do not possess the technical expertise or resources to design

and develop the system, so they contract with a development organization.
Additionally, as is the case with the Federal Government, the sponsoring organization
may be mandated by law or other public statute to contract out large-scale development
projects.

Finally, the sponsoring organization may or may not possess project

management personnel to provide sufficient full-scale project oversight.
The sponsoring organization typically works with a systems engineering
organization to conduct requirements engineering.

Efforts at this stage concentrate on

defining the operational need, performing feasibility studies, establishing system
operational requirements, and defining the system maintenance concept.

The preliminary

systems analysis follows, and the results are documented in the system specification, or

system requirements specification.

This document serves as the driver for the system

concept definition and conceptual design.

After conceptual design evaluation, the system

requirements are further refined and a designing organization is contracted to create a (or
one of several competing) preliminary or detailed design(s).
specification is the key input to the designing organization.
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The system requirements
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The Sponsoring Organization
defines the
operational need. With Systems Engineers,
they conduct Requirements Engineering

The Designing Organization

system, based on the system requirements

functions, feasibility analyses, and generate

a system concept
operational need.

develops the

preliminary and/or detailed design for the
specification. System and subsystem
components are defined or selected.

for satisfying the

Alternative systems are evaluated against

The design specification as well as the system

the requirements [Verma 94] and the system
requirements specification is prepared.

requirements specification are to be
evaluated independently
by a third-party

The

is contracted by the sponsoring
organization to ensure the design both

evaluating organization

system requirements specification

includes the operational requirements,

_. This organization

addresses the correct requirements, and

maintenance concept, system functional
diagram and interfaces, physical and
performance effectiveness measures of
merit, logistical support plan, conceptual
design documentation, and quality
assurance provisions [Blanchard and
Fabrycky 90].

correctly satisfies the requirements.

The evaluating organization uses the
methodology described herein to assess the
quality and requirements satisfiability of the
design, providing a basis for comparing the
relative quality of competing designs.

ystem Design
Acceptable?
Redesign,

System Design

Modification,

isReady for.
Implementation

or Project
Abandonment

Figure 3.1. Complex System Design Evaluation Scenario.
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3.2.1.2

Designing Organization

This organization is typically a network of subcontracted design organizations.
In the aggregate, the designing organization possesses the technical expertise, design
development resources and facilities, project management, and oversight personnel
required to produce the complex system design.
Based on the system requirements specification, the designing organization
prepares a preliminary and/or detailed design of the system which fulfills the

sponsoring organization's requirements.

The process involves allocating functional and

non-functional system requirements to system components from the software,
hardware, and humanware domains [Webster 87, Tarnoff 91].

The design and

documentation of the design process itself are provided to the evaluating organization
for their expert assessment.
3.2.1.3

Independent Evaluating Organization
Independence in evaluation is commonly applied in an attempt to mitigate

effects of politics, pressure, or bias.

Similarly, this methodology advocates an

independent assessment of complex system designs.

Beginning with the preliminary

design, a third-party organization, contracted by the sponsor, should evaluate both the
design and the processes which created the design.

This evaluation is intended not to

obviate but to supplement the in-house design review process, Their findings are of

benefit to both the sponsoring and the designing organizations, and multiple feedback
loops are present between the three organizations.

Subsequent to evaluation, the design

is deemed either acceptable for future consideration, or deficient in one or more aspects
of the governing requirements.
The evaluating organization possesses the expertise and resources to evaluate
the integrated aspects of the design.

Expertise includes expert knowledge from

technical disciplines which are intersected by the functional and nonfunctional
requirements of the proposed system (e.g., software engineering, human factors, etc.).
Evaluation resources include computer automation, knowledge-based environment, and
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Figure 3.2. Qualitative Concept Evaluation Using an Indicator
Hierarchy.

visual simulation environment.

These resources aid in collecting, structuring, and

processing data to assess the quality of the design and the process which generated the

design.
3.2.2

Measurement Framework

The notion of "design quality" is a soft concept; it is qualitative, not

quantitative.

A qualitative concept is not directly measurable, but is assessed by a

collection of indicators.

We use this term in the same sense as other disciplines use

various related terms, e.g., metric, figure of merit, index, scale, factor, measure, etc.

Indicators themselves may be qualitative, requiring subindicators for their assessment.
Recursive application of indicator refinement leads naturally to a hierarchical
structure, as depicted in Figure 3.2.
at “leaf" nodes.

In an indicator hierarchy, the recursion terminates

These base-level nodes must be evaluated and their scores combined

with those of their siblings to yield an aggregate score for their parent.

Continuing in

this manner up the hierarchy, a value is obtained for the root concept.

Assessing the value of an indicator is itself not necessarily a precise procedure.
Especially where human judgment weighs in the determination of indicator's value,
some error is naturally involved.

We assert that the more expert the evaluator of an
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Evaluation

r
Function of computed formulae
(metrics)
Experimentation with a simulation model
representing the system design
Technical Expert or System Design Engineer Expert Knowledge
(Software, Hardware, Human Factors, etc.)

f

Warfare / Operational Mission or Application Domain Expert Knowledge

Figure 3.3. Indicator Evaluation Sources.

indicator, the more negligible the error.

Thus, we advocate expert evaluators for

scoring indicators.
There are four sources for determining the value of an indicator (Figure 3.3).
Metric-based indicator scores use a function of directly computable values.

Simulation-

based indicator scores rely on results of experimentation with a simulation model
representing the system design.

Simulation is required to assess indicators related to

the behavior of the system being designed.

Indicator scores based on technical expert

knowledge include software engineering, human factors engineering, and systems
integration engineering expertise, among others.

Operational domain knowledge-based

scores rely on the judgment and expertise of veterans from the operational
environments in which the proposed system is to be employed.

3.2.3

Software Support for Design Evaluation
Two software products, developed at Virginia Tech, provide the required

computer-aided assistance in the application of our design evaluation methodology:
VSE

(Visual Simulation Environment) and KBESD

(Knowledge-Based Evaluation of

System Designs).
The VSE is a new technology in visual simulation created as a result of
experimental research for over a decade under funding from the U.S. Navy [Balci et al.
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1995]. It can also be characterized as a computer-aided simulation model development
environment. The VSE facilitates the creation of visual simulation models of complex
system designs. Experimentation with the simulation model representing a system
design enables us to estimate the dynamic characteristics of the designed system. Such
estimation is extremely important for evaluating the designs of dynamic systems which
are performance-, mission-, and time-critical. The second category of indicators in
Figure 3.3 is assessed by way of using simulation.
The VSE currently runs under NEXTSTEP Unix Operating System on the
following hardware platforms: Motorola 68040, Intel 80486 and Pentium, Sun SPARC,

and HP PA-RISC. It will be ported to OpenStep, Windows 95, Windows NT, Solaris,
and other operating systems in 1996. The major features of the VSE are given below
[Balci, et al., 95].

e

Intended for discrete-event type of visual simulation modeling for problem solving.

e

General purpose and domain independent.

e

Can be used to visually simulate any complex system at any level of detail desired.

e

Provides a picture-based approach to visual simulation modeling. A model
component pictorially represents a system component by using a scanned
photograph or any drawing of that component.

e

Employs a multifaceted conceptual framework for guiding the modeler in model

construction.

e

Enables the creation of truly object-oriented models with encapsulation, inheritance,
and message passing.

e

Facilitates the development of a model in a graphical and top-down hierarchical
manmer.

e

Enables top-down hierarchical decomposition of dynamic objects into component
objects.

e

Enables the creation of “intelligent” objects by specifying logic for dynamic objects
and their components.

e

Enables the creation of models using the machine-oriented view, material-oriented
view or a combination of the two views.

- @
e

Enables the modeler to follow the paradigm “What You See Is What You
Represent.”
Provides a state-of-the-art human-computer interface.
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Provides an English-like object-oriented (with encapsulation, inheritance, and
message passing) scripting language for model logic specification.
Reduces the amount of model logic specification and localizes it to a model
segment.
Supports all phases of visual simulation model development and experimentation.
Facilitates the validation, verification, and testing of simulation models.

Facilitates the credibility assessment of simulation study results.
Provides a multimedia learning support system and on-line assistance.
Provides the automation-based software paradigm where the central focus is on
creating and maintaining the model specification and automatically generating the
executable code.
Traces execution errors all the way back to the model specification.
The KBESD prototype software tool (Figure 3.4) provides computer-aided

assistance for most of the phases of our methodology. Upon the development of a
production version, the KBESD is expected to provide a wide range of automated support
including:

a graphical user interface to the indicator database,
an indicator hierarchy browser to provide a view of several levels of the
hierarchy,

an indicator inspector which allows viewing and editing of all information
(attributes) specific to an individual indicator,
a computational engine for indicator score aggregation,
an expert system shell for user input of facts and rules relative to the design
evaluation,
an expert system inference engine for applying rule-based knowledge to the
evaluation, and
a pop-up notes panel for indicator-specific remarks by individual evaluators.
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Indicator Inspector, and Notes Panel.

3.3.

COMPONENTS

OF THE METHODOLOGY

The methodology presented herein is based on evaluation of a system design via
a structured collection of design quality indicators.

Other facets of the methodology

relate to strategies for identifying, weighting, scoring, and combining indicators, with
the use of proven mathematical techniques, and application of a knowledge-based
system.

The general approach is depicted in Figure 3.5.

In the subsections to follow,

we overview the specific components of the design evaluation methodology.

For each

component, we provide a graphical depiction of the major steps, with explanatory text.
3.3.1

Identification of Expert Evaluators
A complex system is typically a system of systems from the major domains of

people, hardware (including "chipware") and software, employed in some operational
environment.

A complex system requires the synergistic operation of perhaps hundreds

of humans, tons of structural hardware exposed to the (possibly hostile) elements,
complex integrated circuitry, and in the aggregate, millions of lines of software.

But

elements from these domains interact at pairwise interfaces, e.g., human-hardware
(man-machine), human-software (human-computer),

and hardware-software (firmware).

Multi-way interfaces are experienced in the operation of a complex system.
Now consider evaluating a design for such a system.

A preliminary design

addresses decomposition and allocation of functional and nonfunctional requirements to
elements of the domains (individually and pairwise), e.g., software or firmware, etc.

Evaluating the feasibility and utility of the design with respect to user requirements
requires personnel with expertise spanning all the functional and nonfunctional areas
addressed by the design.

Additionally, experts are needed from the operational

environment in which the system will be employed.

In Figure 3.6 we depict these four

general categories of expert evaluators, drawn along lines of interaction between
elements of the system, and between the system and its operational environment.
briefly address these four expert classes below.
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We

The evaluating organization is contracted by the

sponsoring organization to perform the design evaluation. Initially, the evaluating organization identifies
the technical and operational expertise requirements and hires expert evaluators to conduct the
evaluation.
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Figure 3.5. Major Phases of the Design Evaluation Methodology.
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Metricians and single-domain specialists include software engineers, hardware
engineers (both structural and silicon), and perhaps behavioral psychologists,
sociologists, etc.

These technical domain engineers would provide evaluative inputs

regarding requirements satisfiability of individual domain components, as well as inputs
to evaluators of inter-domain indicators.
Inter-domain evaluators may be experts in human factors, programmable
integrated circuitry, communications switches, software and hardware maintenance,

industrial psychology, etc.

They prepare valuations of the utility of the design to the

extent that it addresses pairwise interactions among elements of the individual domains.
These evaluators may also provide inputs which are useful to the systems integration
engineers, who consider synergistic interactions across three or more domains.
Operational domain experts are typically seasoned veteran operators of the type
of system under design.

These evaluators are armed with heuristics, gut feelings, and

insights which are ingrained by experience in various operational domains.

They

provide judgments on system-behavioral indicators with respect to various operational
scenarios.
Thus far, we have described a need for a comprehensive spectrum of evaluator

expertise and suggested a practical suite of evaluator types.

In practice, an evaluating

organization would ensure an evaluator staff with sufficient expertise appropriate to the

system design being evaluated.

A guiding influence on evaluator expertise composition

within the evaluating organization is the relative prominence of the major domains
which the system design intersects.
3.3.2

More on this subject is discussed in Chapter 4.

Identification of Design Feasibility/Utility Indicators
Figure 3.7 provides a depiction of the indicator identification process.

In this

section we discuss the basic steps of the process.
The design documentation and the system requirements specification are the
launching points for the indicator identification process.

While Figure 3.7 depicts

these inputs as single entities, they may be voluminous, multi-part, and even multi54

media items, taking the form of figures, charts, software, spreadsheets, even
photographs and motion video.
Indicator identification proceeds in a top-down fashion, yielding several upperlevel main categories of indicators and subsequently, finer resolutions of subcategories.
Systems engineers and operational domain experts determine the highest level
indicators, which in turn are refined by interdomain specialists, and so on until lowerand base-level indicators are identified by single domain specialists.

At the time of

indicator identification, the scoring source should be determined as one (or a
combination) of the four types described in Section 3.2.2.

Either after indicator

identification or concurrently with it, evaluators can begin to construct hierarchies from
the indicators.

We describe this process in the next section.

Technical

Operational

Domain

Environment
Human-Hardware
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Hardware
Interactions of
Humans
Hardware and
Software
HardwareSoftware
Interaction

HumanSoftware
Interaction

Software

Inter-Domain

Experts
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Systems

Engineers/

Integration

Metricians

Engineers

Figure 3.6. Evaluator Expertise Sources.
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assigned subcategory. Upper-level indicators are refined into
lower-level indicators, based on the experience and expert

knowledge of the evaluators.

For each indicator, there is a suite of attributes whose
values may be unique to the indicator. Evaluators
determine and specify values for these attributes which
become part of the indicator entity. These attributes are
employed in the knowledge-based phase of the design
evaluation.
Evaluators also identify indicators for assessing the
quality of the requirements engineering and the
processes which created the design. This assessment will
provide the sponsoring organization with a complete
evaluation coverage, increasing the credibility and value
of the evaluation.

Figure 3.7. Indicator Identification Process.
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3.3.3

Construction of Indicator Hierarchies
The process of indicator hierarchy construction is pictorially represented in

Figure 3.8.

Beginning with the indicators identified in previous phase, or concurrently

with it, evaluators begin to organize indicators into a directed acyclic graph or

hierarchy based on indicator influence relationships.

Relationships may be many-to-

one, yielding a more network-like structure than simply a tree.

However, we

recommend observation of the rule-of-thumb of seven plus or minus two (7+2) as an
appropriate number of children for a parent node.

Larger numbers tend to lead to

additional work in future phases of the methodology, particularly in scoring and
weighting.

We discuss specific scenarios under which the sibling group size is a factor

in Chapters 5 and 7.
Relationships between indicators include both direct structural and indirect nonstructural relationships.

Non-structural dependencies reflect proportional relationships

between indicators and are represented in the fact and rule base of the KBESD.
are used as a check-up during the scoring and aggregation processes.

They

Structural

relationships are directly represented as links within the KBESD hierarchy browser
tool.

They reflect the parent-child relationships between children indicators and a

composite parent indicator.
At the time of entering indicators into the hierarchy browser, evaluators may

make liberal use of the KBESD inspector and its note panel for providing details for
each indicator and its role in the evaluation of its parent indicator.

A template for

relevant information in the inspector has been suggested by Nguyen and Howell [94].
Additional indicator information indicates whether a high value or a low value of an
indicator is desirable, which of the score sources is applied to assess the indicator's
score, and to which phase of the system life cycle the indicator most applies.
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Figure 3.8. Indicator Hierarchy Construction Process.
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3.3.4

Relative Criticality Weighting of Indicators Using AHP
Figure 3.9 provides a pictorial representation of the major steps involved in

determining indicator weights.

We recognize that the combination of sibling scores to

derive an aggregate score for their parent indicator is not necessarily a simple linear
combination of the children indicator scores.

In some cases, particularly with metric-

and simulation-based indicator scores, regression coefficients may be derived and used
to combine components of the overall indicator score.

In more complex cases, the

training of a neural network of the children indicators may be desired to establish the
sibling weights.

In this section, we briefly describe how the Analytic Hierarchy

Process (AHP) is used in the methodology to determine weighting coefficients for
sibling indicators.

Greater detail is presented in Chapter 5.

The procedure for incorporating the AHP into the methodology is relatively
straightforward, since from previous steps, the evaluators have generated a hierarchy of
indicators in the KBESD.

Next, evaluators make pairwise comparisons of relative

importance between sibling indicators.

Consistency of comparisons is next computed

using methods described in Chapter 5.

When satisfactory consistency has been

achieved, the relative weights of the indicators in a sibling group are computed.
The computation of and convergence toward consistency is included in the
iterative process of making pairwise comparisons.

Expert Choice computes consistency

automatically and offers several options for adjusting comparisons, including representing the indicators in a random order to remove bias due to the order of
presentation.

More sophisticated methods for consistency adjustment are discussed in

sources presented in Chapter 5.

These methods may be implemented in software tools

such as Mathematica or some scientific spreadsheets.
Evaluators can easily perform the related functions in a PC-based AHP tool,
such as Expert Choice [Saaty 93]. Evaluators can reproduce subhierarchies, perform

pairwise comparisons, and have consistency automatically computed in Expert Choice.
Results from these off-line computations are entered into the KBESD.
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When consistency among individual sibling groups is satisfactory, a large-scale
computation of the consistency of the hierarchy should be performed as a

final check.

Saaty [94, p. 126] advises that a measure “in the neighborhood of 0.1” is sufficient.
We do not recommend against the lottery method of Keeney and Raiffa [93] or
other similar techniques as a means of assigning indicator criticality factors.

In some

indicator groups where pairwise comparisons pose a particular problem due to
company politics or otherwise, we recommend these techniques as alternatives.
Details of applying this procedure appear in e.g., [Thurston 91].
Figure 3.10 depicts an illustrative hierarchy of indicators for the quality concept
of "System Survivability."

The main concept has been refined into five indicators,

each of which has been further refined.

In practice, each lowest-level indicator shown

is next either further refined, or determined by expert evaluators to be at its base level.
Illustrative pairwise comparisons for the top-level indicators are displayed in Table 3.1.
Based on the pairwise comparisons in the table, the relative importance for the five
indicators, respectively is computed to be (.153, .378, .304, .103, .061), with

consistency of .099.

Formulae for computing these values are presented in [Saaty 94].
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Table 3.1. Example Pairwise Comparisons.
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3.3.5 Determining and Assigning Scores for Indicators
In Section 3.2.2 and Figure 3.3 we address four basic indicator score sources.
In Figure 3.11 we outline the score assignment process.

Figures 3.12, 3.13, and 3.16

provide detailed steps for applying each of the score types.
From Figure 3.11, we see the following steps in the scoring process, regardless
of the score type:

(1) Determine the score range which is desirable for each indicator,

(2) Compute or assign the indicator score, (3) enter the score into the KBESD,

and (4)

respond to any flags raised by the KBESD knowledge base regarding the score.
Determination of score ranges is based on published standards, expert knowledge, or
system requirements.

Score Assignment is based on the defined score source types.

Scores are entered into the KBESD, along with knowledge-based rules establishing
warning conditions which raise flags.
3.3.5.1

Addressing flags is part of the evaluation.

Metrics-Based Scores

Some base-level indicator scores can be a function of directly observable (table
lookup), measurable, or computable metrics (Figure 3.12).

As an example, consider a

metric for software design architectural complexity [Card and Agresti 88].

To measure

architectural complexity, we require the intramodule complexity and the intermodule
(structural) complexity.

The structural complexity is itself another computed metric.

It

is a combination of the "fanout" of each module (directly measured), and the number of
modules (directly observed).
dealing with metrics.

Our intent is to point out the potential complexities in

In Chapter 6 we address this issue in considerably more detail.
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checks on each entry to check for spurious values, based on
information entered in previous stages. Evaluator's
rationale becomes important when seemingly spurious
scores are detected.

Respond to alerters

Responses to alerters include re-evaluating a score,

expert

for the score to stand

from

scores

nea
:
Ranges orar distributions
dependent
;
re on system behavior may

Source

Metric-

Assign

for indicator

or categorical indicators generally require expert
knowledge. Crisp values can be determined by metrics.

Score

score

e
source and
assign a
score

ranges

source for scoring leaf indicators.

indicator node,

determine

enter the

A key step is determining the most appropriate

For each leaf

evaluators

subdomains

in the KBESD knowledge base.

KBESD

altering a triggering rule, or providing strong justification

system

Figure 3.11.

as is.

Indicator Score Assignment Procedure.
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Determine
Applicable

When an indicator score is to be determined as a

function of computable metrics, evaluators for the

{m,mo,.-..ma}

Metric(s)

indicator must determine the applicable metric(s )
and their formulae. If several evaluators are assigned
to the same metric, each evaluator may employ a
separate set of metrics for determining the eventual
indicator score.

100

Determine

Mapping
from

The assigned indicator score may be a combination of

!
{

Metric(s) to

several metrics. When this is the case, the evaluator
must determine the mapping from the raw metric
value(s) to the indicator score.

|
i

Indicator
Score

}
!

Native Score
The combination function leads to the definition of

Determine

Applicable
Score Ranges

0

a worst case range of values which the combined score
could take. From within this range, evaluators need to
determine the acceptable range of values a score
can take. This range is used to normalize the scores into

100

[reject][marginal]| acceptable]

[0,100] and must be entered into the KBESD.

Record

Ranges entered into the KBESD

Ranges in

are simply intervals.

The KBESD uses the range boundaries and rules in the

KBES

knowledge base to perform checks on input scores
against the ranges. Many applicable rules can be

applied to enhance the credibility of the evaluation.
Compute
Metric(s)

When computing a score for a metric-based
indicator, the evaluator of the indicator computes
the applicable metrics.

Map

After the raw metrics are computed, the evaluator
combines the metrics to obtain a raw score for the
indicator and input the score into KBESD.

Metrics
t

Score
Make
Notations
in
KBESD
Regarding
Results of
Score

The KBESD computational engine uses the score
ranges from above to ensure the raw indicator score
falls within the established ranges. An unacceptable
score triggers a warning from the expert system,
which requires evaluators to re-examine the
score. If the score is to be accepted anyway, the
evaluator should place notations in the KBESD to
justify keeping the score as acceptable

Figure 3.12.

Indicator Score Determination based on Computable Metrics.
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Metrics yield scores which are unit-less, or in a native unit particular to the

metric.

Evaluators must understand how the "goodness" of the raw metric score varies

as the score itself spans its possible or practical range.
upper end of the native range may be the most desirable.
mappings are possible.

For example, scores on the
Other score desirability

Such a mapping ultimately converts a native metric score to the

standard range [0,100] which we uniformly apply throughout the methodology.

If the

results of more than one metric, or different results from multiple evaluators are used
to obtain a score, then a combination function is likely required to map the metric

values to the raw indicator score.
acceptable, reject, marginal).

Evaluators indicate ranges for indicator scores (e.¢.,

Based on the ranges, evaluators create score-vs.-range-

related facts and rules in the KBESD.

KBESD uses the rules to perform integrity

checks and other functions, after the scores are entered.

Chapter 7 describes the

knowledge-based aspect of metrics-based scoring in greater detail.
3.3.5.2

Simulation-Based Scores

In the course of evaluating the design of a complex system, numerous indicators
are identified which evaluate the design's accommodation of dynamic or operational
aspects of the system (e.g., high-load computer system response time, minimum vessel
turnabout time, and facility evacuation completion time).

These dynamic

characteristics are to be assessed with respect to various operational scenarios, e.g.,
steady state, idle, and escalated activity level, in environmental extremes, and in peace
time, threat, or emergency.

For system components or small subsystems, mockups or prototypes are often
used.

However, for system-level evaluation, this approach is often limited by the

proportionately increasing cost of including a necessary degree of realism in the
evaluation.

An alternative to physical models are computer simulation models of

various system behaviors.

Simulation models are less expensive, reconfigurable,

tolerant of error in application, and highly reusable.

An outline of the process of

applying simulation to indicator evaluation is presented in Figure 3.13.
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Indicators

Indicators related to dynamic aspects of the system under
design are the most likely candidates for evaluation by

which require
Simulation to
Score

scored through simulation, taking into consideration all
operational scenarios in which the indicator's value may
be applicable to design evaluation.

Determine

simulation.

Develop /

Evaluators with expertise in system simulation use the
Visual Simulation Environment (VSE), a state-of-the- art simulation environment, to rapidly develop simulation models of complex systems. An object-oriented
scripting language facilitates construction of complex
models and reduces development time.

Test

Simulation
Model

Determine the
mapping from
Simulation

mY

The output from simulation may

output to

Applicable
Ranges for
Score

be a confidence

a mean and an interval half-width. etc.

Indicator
Score

Determine

Evaluators decide which indicators should be

interval,

These results may

be combined or manipulated by some function to give the
raw indicator score. Otherwise, an expert evaluator may
apply knowledge from experience with the indicator to
directly assign a value to the indicator based on interpre-

Native Score

tation of the simulation results.

0

100

[reject][marginal][acceptable]
As with metric-based scores, evaluators need to
consider all possible values for the indicator score, and
determine what range is acceptable for a simulation-

Enter Score

Ranges in
KBESD

Experiment with

the Simulation
and Obtain
Results

based indicator.

Z-KBESD_\

———y

(aN

a.

The range is used to normalize the raw

score and provide a check on the score's value against
the stated range. This information must be entered into
the KBESD's knowledge base.
The simulation experiments are run using the Visual
Simulation Environment (VSE) and output data are
collected. Analysis and interpretation of the data is
generally required before an actual indicator score can
be assigned. The VSE DataAnalyzer can be used.

VSE

DataAnalyzer

Map

Simulation

Results to
Indicator Score

Input Scores
into KBESD

/ KBESD_\

By the means determined by the expert evaluator, simulation results are used to assign a score for the
indicator. This score may later be normalized into the
range [0,100] for the score aggregation process.
Evaluator(s) enter the score into the KBESD.

Figure 3.13. Determining Indicator Scores based on Simulation.
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In dealing with the results of simulation, we do not anticipate discrete values.
Instead, we anticipate results such as probability of occurrence, frequency of
occurrence, and expected values, expressed as confidence intervals about an estimated

mean value.

As a consequence of this, we are required to address issues such as: (1)

the appropriate confidence level and the range of possible values it defines, (2)
relationships between simulation-derived estimates and the operational scenario under
which they are obtained, and (3) the desirability mapping from any value in the
confidence interval to the standard score range [0,100].

these issues and others in detail in Chapter 6.

We address the mathematics of

Knowledge types appropriate for

interpreting simulation-derived values are described in Chapter 7.
An aid to simulation model development is the Visual Simulation Environment
(VSE), developed at Virginia Tech [Balci, et al. 95] (Figure 3.14).

The VSE is an

object-oriented environment for easing the development of simulation models.

The

VSE allows simulation of the dynamic aspects of a system under design at essentially
any stage in the design process, from the requirements specification forward.

As more

details and system design parameters become available, more detailed models can be
constructed and nested.

Ultimately, a hierarchy of models can be used to simulate

variously detailed behaviors of the system.

This is particularly useful for observing

simulated behavior of the integrated system, since lower-level models feed results into

the upper levels, allowing a view at any desired level of abstraction.
Deriving reliable and useful results from this aspect of the methodology requires
repeated experimentation with the simulation model at various levels of detail, for
perhaps a suite of operational scenarios.

The output for further analysis and inclusion

into the evaluation process would be confidence intervals for the modeled aspects of the
system.

These results would be normalized and mapped to value ranges consistent with

other indicators in the hierarchy.
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3.3.5.3

Technical Domain Expert Knowledge-Based Scores
For design quality indicators for which neither computable metrics nor

simulation results alone provide a basis for a valuation, evaluators in technical

disciplines rely primarily on their expert knowledge in the field(s) encompassing the
indicator.

Categories of the expert knowledge which apply include: relationships

between indicators within and between major indicator domains, maximum and
minimum acceptable values for indicators, and relative quality of a design indicator
compared to others they are familiar with from experience.
In dealing with the scores from a subjective perspective, interval and fuzzy
mathematics provide a broad class of arithmetic concepts and operations.
review of basic fuzzy value concepts is in order.

A brief

The field of fuzzy mathematics [Klir

and Yuan 95; Zimmerman 91] provides the membership function (Figure 3.15) as an
instrument to map elements of the universe of values to a degree of belonging to a fuzzy
set.

Alpha cuts are used to narrow the range of acceptable elements from the universe

by requiring a minimum membership value of a ¢€ [0,1].
Membership functions can be triangular, trapezoidal, polynomial, etc.

In

Figure 3.14, the triangular membership function may be represented as the triplet
(a),47,a3), Where a, and a3 are the extreme min and max values from the universe

which bound possible members, and a, is the most desirable value.
which the min or max value are the most desirable may have a

Functions for

triplet of the form

(a;,a,,43) Or (a;,a3,a3), respectively.
Fuzzy values are often assigned instead of crisp ones, especially when
qualitative elements are assessed.

One method of incorporating fuzziness is the

mapping of a crisp value into a fuzzy membership value via the membership function.
In other cases, an interval of confidence is more appropriate.

In this case, an evaluator

assigns an interval as a score, reflecting the best and worst values the indicator is
believed to be worth.

In our methodology, a combination of these two methods is
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allowed. The basic method of applying fuzzy measures in the methodology is depicted
in Figure 3.16.

Details are provided in Chapter 6, but we provide process highlights

here.

The process initiates when evaluators determine that an indicator requires direct
application of expert knowledge instead of metrics or simulation results.

First,

evaluators determine if the indicator can be considered so critical to the entire
evaluation that if the indicator cannot be scored above its "rejection" threshold, the
entire design fails.

There are relatively few such indicators, but the methodology

allows for their identification and treatment.
Scores above a rejection level are considered acceptable, but to draw
knowledge-based conclusions (Chapter 7) regarding degrees of indicator quality, the
acceptable range is further subdivided and qualified.

In the figure, the demarcation

between acceptable and marginal can be placed on the score continuum by
superimposing a fuzzy membership function and applying an alpha cut, a.
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Next each evaluator assesses the quality of the indicator by assigning an interval
from the range [0,100], say [65,75].

Using techniques described in Chapter 6, interval

scores from each evaluator are combined into one.

The result of the aggregation is a

single interval representing the (perhaps weighted) mean of the intervals assessed by
evaluators.
Computationally, crisp values are easier to deal with than intervals.
means of extracting the essence of the interval as a crisp value is needed.
this as the process of defuzzifying the interval.

Thus, a
We refer to

The key to interval defuzzification is

the truncation and collapse of the interval by a criticality factor, k € [0,1], whose value
is associated with pessimistic, moderate, or optimistic evaluation posture.

Thus, the

value of an indicator may be evaluated differently at varying values of k, using the
technique (1-k)*lower bound + k*upperbound.

For example, a low k factor

(pessimistic) would collapse the fuzzy interval near the upper bound, and a high k value
(optimistic) would collapse the interval near the upper bound.
collapse the interval at various points in between.

Intermediate values of k

Employing what-if analysis by

varying the value of k is discussed in Section 3.3.9.
Ultimately, interval aggregation and defuzzification are performed by the
KBESD.

The evaluators must determine the score ranges, criticality factors and score

intervals.

The KBESD

various score checks.

applies knowledge supplied earlier by the evaluators to perform

Under the rules in the knowledge base, the evaluators are

notified of scores which fall outside of desirable intervals.
knowledge-based functions described in Chapter 7.
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The KBESD performs other

Expert evaluators determine that some scores

Determine which
indicators must be
scored from

cannot be assigned based on metric combinations

or simulation results. These scores require the
application of technical or operational domain
expert knowledge.

expert knowledge
Determine
Accept/Reject
ranges for
scores

0

Define Fuzzy

[reject][

Scores based on expert knowledge are treated as
fuzzy" and manipulated via Fuzzy Mathematics.
The
fuzzy set is the set of possible scores which can be
assigned to a particular indicator. Membership func-

.

Score

tions represent desirability
range [0,1].

100
[reject][

for acceptable

]

#()

Membership
Functions for

Determine
Alpha Cut

100

acceptable

acceptable

]

1
BOO!

scores

0!

|

100

0

{reject][marginal][acceptable ]

Assess Score

in [0,100]

of possible

scores,

in the

An alpha-cut is a threshold for minimum membership in a fuzzy set. An evaluator selects an
alpha-cut to delineate the acceptable vs. marginal
range of scores.
knowledge base

This information is used in the
for evaluation enhancement.

Each evaluator for the indicator assesses the value

1

of the indicator as an interval, since a crisp score
over the range of [0,100] is too precise to accept.

°

Each evaluator enters the score interval into the
KBESD. The intervals for all evaluators are com-

HO)

as an Interval

Evaluators determine "reject" thresholds for
scores and enter the ranges into the KBESD.

bined according to the axioms of fuzzy mathe-

[reject][marginal] [acceptable]

matics, to yield an aggregate. However, each
interval is retained in the KBESD for knowledgebased analysis.

Input Score
into KBESD

In this case of scores based on expert knowledge,

the evaluator enters rationale explaining how the

score was determined.

Input Score
Rationale

KBESD

tion

into

KBESD

Defuzzifies
Score with

respect to

desired level
of "what-if"
analysis
Evaluator
Responds to
KBESD
Triggers
Figure 3.16.

resource

This is a useful informa-

for other evaluators

to consult,

especially if the score is not consistent with others.
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The KBESD can collapse the fuzzy score with
respect to any degree of pessimism or optimism
within the score interval. Doing so allows "whatif" analysis to be performed on the entire hierarchy
depending on the level of conservative bias desired.
The resultant score can be assigned a membership
value, based on the indicator's membership function. The knowledge base assesses the design
based on these values.
Information such as other judges' scores, rules for
score relationships, score ranges, etc. are input into
the KBESD as part of the indicator identification
process. These rules are used to determine seemingly
spurious scores and to raise flags requiring attention.

Application of Technical and Operational Domain Expert Knowledge to Scoring.
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3.3.5.4

Operational Domain Expert Knowledge-Based Scores
Some indicators can only be evaluated by expert knowledge of veteran operators

from the operational environment in which the designed system is to be employed.
Expert knowledge of this type may consist of a collection of rules of thumb or
heuristics, based on many years of experience in the operational domain of similar
systems.

Indicator classes of this nature include e.g., threat assessment, survivability,

and environmental influence for a military system.
These indicators are scored using interval values in a similar fashion as domain
knowledge-based scores (Figure 3.16).
ranges, and treated as fuzzy sets.

The intervals are defined as fuzzy linguistic

This topic is discussed in detail in Chapter 6.

Additionally, an alternative method adapted from [Klir and Yuan 95] may be
employed.
3.3.6

Application of an Expert Knowledge Base
In the previous two sections, we refer to the application of technical and

operational domain expert knowledge in complex system design evaluation.

We

discuss the application of the heuristics as an aid and guide to scoring indicators.
Heuristics of this type, such as ranges and tolerances, are not so useful printed in a

document or laid out in voluminous checklists.

They would be more useful if they

were incorporated in the knowledge base of a computer-based expert system.

There,

combined with many similar rules, they could serve as flags and guides to evaluators
who must input scores for related indicators.
There are three important aspects to consider regarding the incorporation of an
expert knowledge base: creating it, accessing it, and applying it.

In this section we

describe how those tasks are accomplished using the knowledge-based system capability
of the KBESD.
We facilitate the creation of the knowledge base by providing an expert system
shell in the KBESD tool.

Using the shell, expert evaluators and evaluation

organization personnel use the shell language to input indicator-, domain-, and/or
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evaluator-related facts and rules into the knowledge base.

Example facts include

upper/lower bounds (ranges) on indicator scores and expert precision and bias factors.
Experts also input rationale for the facts and rules, if desired or required by the
evaluation organization’s policies.

These rules would be available in pop-up windows

in the application sessions described below.

Chapter 7 presents the knowledge base

details, but an overview of the types of facts and rules employed in KBESD is depicted
in Figure 3.17.
Accessing the knowledge base can take place in two ways.

First, it can be

accessed directly, when bare facts and rules are available for editing as during its
creation or other editing sessions.

Second, the knowledge base is accessible during an

interactive session with the KBESD. A

user in the process of entering a score for a

particular indicator may seek the “expert advice” from the knowledge base for an
appropriate range, or ballpark figure.
A pictorial representation of uses of expert knowledge and rules is provided in
Figure 3.17.

In a typical scenario, as an expert evaluator inputs knowledge-based

scores, the inference engine of the KBESD would be performing checks on the data.

If

an input figure is out of the ranges the experts have previously offered, a series of rules

would be triggered resulting in the user being notified.
have the opportunity to consult with the knowledge base.

At this point the user would
Consultation may include

viewing a trace of the logic which fired the warning, and browsing any textual
comments placed in the system during the knowledge base creation sessions.
Subsequently, if the expert evaluator is confident of the input, or knows he has
broached an area as yet not considered by the other experts, he may override the
“experts” and make notations of his own rationale.

Used in this way, the KBESD

provides both an impetus and a forum for surfacing and addressing these differences.
The goal is that it works to the overall good of the evaluation.
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Typical Indicator
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Types Pertain To:

A- The ratio of the weight to its expected value (1/n, see G)
B- Relationships between this indicator and other indicators by category
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-- based
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'
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scenario,
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domain,

etc.

Relationship between indicator weight and upper bound of Rejection Interval
Requirement for designating Rejection threshold with "Design Critical"
Determination of relative weights for evaluators
Dispersion, Domination, Dwarfing of weights among evaluators
Scoring advice from standards or historical data
Dispersion of scores
Width of score interval
Value of score relative to standard/historical data
Fuzzy Interval combination methods
What-if analysis based on min/max of score ranges, driven by &k factor
Determination of Optimum & factor for minimum acceptable aggregate scores
Desirable values for k to be used in what-if analysis
Inter-sibling trade-off analysis comparisons by weight, score
Dispersion, Domination, Dwarfing of weights among siblings
Aggregate score extremes analysis based on weights, & factor
Consistency of scores of indicators in non-structural relationships
Adherence to constraints in non-structurally related indicators
Figure 3.17.

Applications of Knowledge in Design Evaluation.
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3.3.7

Aggregating Indicator Scores
Figure 3.18 depicts the process of combining weighted sibling scores to get a

score for the parent indicator.

After completion of the previous phases of the

methodology, all base-level indicators are already scored and weighted.

The final step

in the scoring aspect of the methodology is the aggregation of children scores to
determine the parent's score.
their sibling indicators.

Figure 3.18 shows two parent indicators, j and k, and

Since base-level indicator x, is a child of both parents / and k,

it must have a relative weight for both sibling groups of which it is a part.
the performance score for x, is the same for both parents.

Notice that

The hierarchy aggregation

process then involves the recursive application of the aggregation function up the
hierarchy.
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Figure 3.18.

Score in [0,100]
Assigned or computed
Score for Indicator xi

Score Aggregation Method.
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During this phase, scores from multiple evaluators are combined for each
indicator.

Also, all native scores from metrics and simulation-derived confidence

intervals are mapped to the range [0,100].

Finally, interval scores and fuzzy intervals

are collapsed to extract a discrete value.

3.3.8 Representation of Indicator Scores using Kiviat Graphs
The Kiviat graph is a visual representational device for depicting several
indicator scores simultaneously.

It has been a particularly effective device for

representing the scores of computer performance-related measures [Ferrari, ef al. 83,

p. 195].

Some indicators indicate desirable performance when the score is low, e.g.,

response time.

For others, e.g., throughput, the higher the score, the better it is.

Kiviat diagram is capable of displaying both types of indicators simultaneously.

The
Since

the evaluation methodology we are describing is indicator based, and the indicators are
expected to be analyzed in groups of less than a dozen, the Kiviat graph is a suitable
display device.
After aggregate scores are computed, Kiviat diagrams can be produced for
indicator sibling groups, as desired.

Desirable indicator groupings could include

sibling indicators from a parent, or any collection of related indicators.

Evaluators for

the particular domain to which the indicators are relevant perform analysis of the
diagrams as one means of comparing results to established thresholds.

We propose that

the diagrams and the analyses be included in the design review documentation.
A Kiviat graph, as in Figure 3.19, is constructed by assigning positions of a
collection of indicators to points along the circumference of a circle.

An indicator's

score is marked on the graph as a point along the radius from the origin to the
indicator's position on the circumference.
circumference.

A high number is marked close to the

A low number is marked close to the origin.

The scores of all

indicators in the particular collection are indicated in this fashion.

The polygonal

region between the score points and the origin is then shaded, yielding, for example,
the star-like shape depicted in Figure 3.19.
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Figure 3.19.

Example Kiviat Diagram.

To interpret a Kiviat graph, one must know which indicators are desired to have
high scores, and which are desired to have low scores.

Then, quickly by inspection,

one can discern the goodness or badness of scores for the entire collection of indicators
by the shape of the graph.

For example, in Figure 3.19, assume the odd-numbered

indicators are desired to have high scores, and even-numbered indicators are desired to
have low scores.

By inspection of the figure, every indicator appears to have a

desirable score.

Many other high-low indicator score combinations are possible.

3.3.9

Interpretation of the Results
In this section, we address the interpretation of the results obtained by using the

methodology we have described.

The purpose of the methodology is to guide experts

through the complex and tedious task of system design evaluation.

Particularly the

evaluation of the design is with respect to design utility and satisfiability of
requirements.

The evaluation relies on applicable metrics and generally on the

judgments of experts in the technical domains intersected by the system under design.
To that end, the evaluation cannot be precise and its ultimate value requires
interpretation.

|

For consistency and ease of comparison of alternatives, this method
systematically bounds all base-level scores to a uniform range, e.g., [0,100].

Intuitively, as we aggregate scores up the hierarchy, the probability of maximizing the
range quickly diminish to zero.

The issue then becomes one of degree of acceptability.
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Thus, a threshold is needed to drive the interpretation of the final score.

Ultimately,

the degree to which the score satisfies the threshold determines the acceptability of the
entire design.

However, since the designs addressed here involve complex hardware

and software and highly skilled human operators, both intra- and inter-domain
thresholds become important.

Indeed, the unacceptability of the design within a single

domain could invalidate the entire design.
This consideration becomes particularly important in the unlikely, yet
conceivable scenario in which the final score is deemed acceptable, yet an intermediate
result is not.
We do not leave the evaluating organization with simply the final aggregate
score as the terminal point of the hierarchy-based evaluation.

The KBESD allows for

what-if analysis on the basis of the criticality factor, kK. In what-if analysis, evaluators
may apply a x value uniformly for all indicators or variously for different categories of
indicators.

The domain dominance scheme (above and in Chapter 4) for the hierarchy

is a recommended starting point for determining differing values of k to employ.

The

KBESD knowledge base can also be used to contain information based on expert
knowledge, which assesses the value of k for which the most realistic or plausible

aggregate score can be attained.
Naturally then, the key to realistic and meaningful evaluation becomes the
determination of the thresholds. As with the indicator valuations themselves, inputs

from the respective domain experts and upper management decision makers are
required.

In the lower tiers of the indicator hierarchies, metricians and technical

domain experts are the source for threshold establishment.

At the points of inter-

domain integration, operational experts make use of the results from lower-levels.

At

the system-level, operational domain experts join systems integration design engineers
to come up with thresholds based on the results that are passed up.

Ultimately,

responsibility for passing judgment on the final results rests with project upper
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management, under the counsel of systems integration engineers and system operational
experts.
How does the threshold establishment and interpretation process unfold?
Consistent with the systems engineering process, the evaluation process is iterative.
The cycle involves establishment of initial thresholds, indicator weighting, evaluation,

comparison with thresholds, possible re-weightings or re-evaluation, what-if analysis,
then reconsideration of the thresholds themselves.

We acknowledge this cyclic method

could lend itself to varying degrees of score, weight, or threshold "rigging" to arrive at
a desired score-to-threshold ratio.

However, we trust that in the hands of responsible

and reputable metricians, engineers, and project management personnel, the potential
occurrences and effects of these actions would be controllable and negligible.

3.4.

SUMMARY
An overview of a multifaceted methodology for evaluation of complex system

designs is presented.

The methodology is intended for implementation by independent

evaluating organizations, responsible for evaluating the requirements satisfiability of
the design.

As a presentation format, we pictorially depict the conduct of the major

phases of the methodology.

We textually thread the phases together, providing

motivation and commentary as necessary.

Detailed information for the techniques to

be applied in methodology phases are provided in subsequent chapters of the main
document, of which this is a part.
The software centerpiece of the methodology is the KBESD, a software tool for
the Knowledge-Based Evaluation of System Designs.

The KBESD provides

information storage, retrieval, and display for the components of the evaluation.

The

KBESD also contains the computational engine and expert system capability needed to
conduct the knowledge-based evaluation of the system design.
software tool for use in the methodology.

The VSE is also a vital

It provides an object-oriented visual
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simulation capability which is useful for estimating indicators values relative to the
operationally-dependent, dynamic characteristics of the designed system.
The methodology is indicator-based.

Experts, from the technical/operational

domains intersected by the system under design, examine the design and identify
scenario- and domain-specific indicators to evaluate the design.

Identification of

indicators requires a step-wise refinement approach, which results in a (possibly large)

hierarchical network of design quality indicators.

High-level indicators decompose into

more refined indicators until base-level indicators are identified.
The analytic hierarchy process is the recommended means of determining the
relative criticalities between the children indicators of a composite indicator.
Evaluators employ the techniques of AHP external to the KBESD (e.g., through the
use of Expert Choice) to determine weights to assign to sibling indicators.

Computed

weights are entered into the KBESD.
Quality scores for the indicators come from four primary sources:

computable

metrics, experimentation with visual simulation models of the designed system,
technical domain expert knowledge, and operational domain expert knowledge.

Crisp

or fuzzy scores are assigned to the indicators by evaluators in the respective domains.
The weighted scores are combined up the hierarchy to yield an aggregate score for the
design.

Expert knowledge employed through the KBESD is a key to enhancing the
credibility and facilitating the usability of the methodology.

Domain-specific expert

knowledge is represented as facts and rules in the KBESD.

The knowledge is used to

serve as checks on the values of indicator scores as well as inter-indicator score
parameters.

Additionally, knowledge is applied to evaluate aspects of the indicator

hierarchy and the evaluators themselves.
Results of the application of knowledge to the indicator hierarchy are
graphically represented as Kiviat diagrams.

These diagrams are particularly useful for

simultaneously displaying the values of a collection of indicators.
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4. IDENTIFICATION OF DESIGN QUALITY INDICATORS
4.1.

INTRODUCTION
The initial phases of the methodology pertain to the identification of design

quality indicators by technical and operational experts. Issues pertinent to these phases
include the selection of expert evaluators, identification of major indicator domains,
decomposition of major domains into indicators, and structuring the indicators into a
hierarchy to represent influence relationships between indicators.

A final concern is the

assessment of the hierarchy itself. In this chapter, we elaborate these initial procedures.
The chapter flows as follows.
indicator domain schema analysis.

Section 4.2 introduces the concept of design

Section 4.3 discusses evaluation panel considerations

regarding the expert evaluator panel composition.

Section 4.4 details the process of the

identification of design quality indicators, and Section 4.5 details issues concerning the
construction and assessment of the indicator hierarchy.

Section 4.6 is a description of a

generic hierarchy of over 400 indicators culled from the literature.

Section 4.7 provides a

summary and conclusions for the chapter.

HumanHardware
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Humanware

S555
Human-

Hardware

Hardware-

Software

Interaction
KKK,

HumanSoftware

Interaction

AAXZ,

Software

HardwareSoftware

Interaction

Operational
Domain

Figure 4.1. System Design Domain Decomposition.
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4.2.

DESIGN INDICATOR DOMAIN SCHEMA ANALYSIS
Our indicator-based methodology for complex system design evaluation,

consistent with systems engineering methods, begins with a system decomposition into
major functional and nonfunctional domains.

A top-level decomposition provides a

general domain schema like the one depicted in Figure 4.1. Specific system dimensions
such as Performance, Dependability, etc. are superimposed on the major domains to yield
high-level domains such as "Humanware Performance" and "Software Dependability."
Domains recursively decompose into subdomains, from which indicators of design
quality are defined.
Indicator domain schema analysis focuses on two key issues which must be
addressed at the outset of the evaluation process:

(1) what are the major indicator

domains which characterize the system under design, and (2) what is the relative
dominance of each indicator domain.

The direction charted by the resolution of these

issues guides decisions to be made in subphases described later in this chapter.

We

briefly discuss each issue below.
4.2.1

Domain Definition
Chapter 1 illustrates and expounds on the multifaceted nature of complex systems.

The chapter's discussion conveys the distinct and interactive role of the major system
components.

Evaluating the design of a complex system requires accommodating the

multi-domain nature of the system.

Beginning with the system-level perspective, the

roles of individual domains and their interactions must be defined, understood, and

accounted for — this is domain schema analysis.
Domain schema analysis is a process of defining and understanding the
organization and interplay of indicator source domains inherent in the system as
designed.

This analysis is accomplished by reviews of the system requirements

documentation, system specification documentation, and similar documents/media, with
attention to defining major domains and their interactions.
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Experienced systems

engineers and related-system operational experts review the documents and are able to
discern and define an indicator schema for the current system as designed.
Figure 4.1 depicts three major domains, whose overlaps yield seven total top-level
indicator domains to be addressed in design evaluation.

An eighth circumscribing

domain pertains to the operational environment in which the system is to be employed.
Table 4.1 shows characterizations of these domains.

The characterizations are

intentionally general, and are provided for reference and completeness of the section.

In

practice, systems engineers may apply different mappings between the indicator domains
we have listed and their characterizations (e.g., attributing some otherwise pure
"software" characteristics to "human-software interaction").

With definitions of the key

Table 4.1. Characterization of Major Indicator Domains.

DOMAIN

CHARACTERIZATION/EXAMPLES

Hardware

(1) Structural, facilities, superstructure, expendable materials,

consumables, load bearing parts, moving parts, containers.

(2) Computer circuitry ("chipware"), fixed positions,

Software

embedded, logic-bearing.
Computer programming language source code; object code;
code storage, archival, and access methods; documentation.

Humanware

System operational and maintenance personnel; physical,
mental, cognitive, and interpersonal activity; instructions;
procedures; group dynamics; teamwork.

Human-Software
Interaction
Human-Hardware

Interaction

HardwareSoftware
Interaction
Human-HardwareSoftware (systemlevel) Interaction
Operational

Human physical and logical input-output interface with
computer-based systems; includes operation and maintenance of
interface software.
Human physical input-output interface with computer-based
systems, and other system hardware; includes operation and
maintenance of interface hardware.
Embedded software in computer chipware ("firmware");
includes software-driven hardware; operated without human
operator involvement.
System-level, operational domain interactions; requires
synergistic human manipulations of system software and

hardware via input-output interfaces.

Interaction of the system with operational environment; hostile,
friendly, rapidly changing, marked by extremes.
84

constituents established, indications of system-level domain domination take the reins in
steering the direction of the evaluation.
4.2.2

This topic is addressed in the following section.

Domain Dominance

Chapter 5 is dedicated to determination of relative priority among a unilateral
collection of entities:

such techniques are not invoked in this preliminary phase.

Rather,

application of rigorous mathematical approaches is obviated by generally self-evident
domain domination at the system level. Consider a few permutations of possible
scenarios in the Figures 4.2(a-c).
Scenario (a) represents a system dominated by hardware and software components
and their interplay.

A class of example systems includes software guided munitions,

rockets, and unmanned space vehicles, where human involvement is required for initial
configuration and maintenance, but not in on-line system operation.

Scenario (b) depicts

a software-dominated system, where human and hardware involvement is involved with

maintenance and execution of the mission-controlling software.

Example system classes

include robot-controlled manufacturing and production, where software-driven precision
characterizes the value-added contribution of automation.
humanware dominated system.
maintenance facility.

Scenario (c) depicts a

As an instance of this class of system, consider a

Here, although software and hardware diagnostic tools are

involved in mission accomplishment, human labor and decision-making dominate the
operational scenario.

Humanware

Humanware
Interface with
Hardware and
Software

Hardware

Software

Hardware

Software

a.

Figure 4.2. Example Domain Dominance Scenarios.
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Having analyzed the proposed system under expected operational scenarios,
indications of domain dominance become clear.

This high-level information is to be

applied in two subsequent phases of the evaluation.

First, domain priority information is

one class of knowledge employed in the knowledge-based portion of the design

evaluation. Chapter 7 discusses the acquisition and employment of expert knowledge in
the KBESD as an integral part of the evaluation.
Second, domain dominance information should weigh significantly in recruitment
and selection of the evaluating organization expert panel.

This is to ensure the

availability of expertise in qualities and quantities commensurate with the domain
dominance.

Considerations for selection of evaluation panel are discussed in the next

section.

4.3.

EVALUATION PANEL IDENTIFICATION
In the following sections, we address considerations pertaining to the

identification and selection of expert evaluators for system design quality indicators.

The

quality of the evaluation panel is critical to the quality and credibility of the evaluation
results. Thus, at the outset of the discussion of the methodology, we offer guidelines for
building in evaluator quality.
4.3.1

Expert Evaluator Selection
Existing consulting companies who function as independent evaluating

organizations (e.g., Booz, Allen, and Hamilton, consultants to the DOD) may maintain a

relatively static expert panel, with an expertise base heavily slanted in one major domain
or another, such as software engineering.

This is particularly likely to be the case if the

company specializes in evaluating a narrow class of systems, e.g., avionics software.
However, for an evaluating organization offering more broadbased evaluation services,
the particular panel of design evaluation experts may vary from contract to contract.
Thus,

each contract to conduct an evaluation of a given complex system design may

require recruitment and hiring of experts from major indicator domains not already
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represented in the organization. The domain dominance scheme for a particular system
should logically drive the composition of the evaluation panel.
Consider the example system classes represented in Figure 4.2. For system class
(a), the unmanned system, an evaluation panel would be expected to be characterized by a
minimal complement of humanware domain experts, e.g., behavioral and organizational
psychologists, training specialists, and human factors engineers.

A more practical

complement would include more hardware and software performance engineers,
embedded software system specialists, and operational domain experts familiar with
operating characteristics of similar systems.

It follows that the quality (i.e., amount,

cumulative experience, technical reputation, etc.) of domain-specific, inter-domain, and
system-level evaluators should be proportional to the degree to which their respective
domain is prominent in the proposed system.

Operational domain experts are required

respective of the range of operational scenarios and operating environments in which the
designed system will be employed.
4.3.2

Identifying Expertise Variance among Evaluators
For a very large complex system design, an evaluating organization may assign

several evaluators to a single indicator or indicator class. Among the expert evaluators
there likely exists a variance of evaluative expertise.
in lifetime experiences and human judgment.

This is a consequence of variances

Consider a field of evaluators with varying

years of experience as an expert practitioner in a particular domain.

The judgments of

those with the most expertise are likely to be more precise initially, and be applied with
greater emphasis than the judgment of those with less experience.

For less experienced

evaluators, the emphasis of individual indicator assessments may need to be less than
those in the first category.

Our methodology provides procedures for assessing and

responsibly accounting for such variances and applying them for the benefit of the
evaluation.
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The general procedure is to make a numerical assessment of the relative expertise
of each evaluator respective of a single indicator (highly localized), an indicator sibling
group, or an entire indicator domain (globalized).

We require a combination of objective

and subjective factors to make the overall multifaceted assessment.

Based on the

assessment, evaluators are ranked and emphasis coefficients (weights)’ are assigned for
each evaluator with respect to the indicator basis on which they are being compared (e.g.,
local, global, etc.). The resulting coefficient reflects the degree to which his or her
judgments are incorporated into the evaluation.

Such an emphasis is relative to those of

peer evaluators who possess greater or lesser degrees of expertise in a particular domain.
In practice the coefficients are used to yield a single score for each indicator by obtaining
a weighted mean of the scores from all evaluators.
Techniques for assessing degrees of emphasis among a group of indicator
category evaluators fall under the domain of multi-attribute decision making, priority

theory, and others. The Analytic Hierarchy Process is useful for obtaining global weights
which may serve as defaults for each evaluator. At a lower level, an interesting technique
is provided by Klir and Yuan [95], based on evaluator assessments on a sibling group of
indicators.

We do not prescribe a particular technique, but recommend and discuss the

Analytic Hierarchy Process in Chapter 5.

Additionally, Bhargava [95] enumerates

numerous other decision techniques.

Regardless of the particular method of arriving at evaluator emphasis coefficients,
evaluating organization management personnel should participate heavily in this process,
both by determining the evaluation criteria, and assigning values.

Example expertise

assessment factors include:
experience as a practitioner in the design/development of systems in the domain
experience as an evaluator of subsystems in the particular domain
evaluator's personal risk or stake in the evaluation
education and training in the technical domain
' While the concept of emphasis coefficient and weight are mathematically equivalent, we use the

former term since is logically conveys a more correct sentiment of the manner in which the values are
applied.
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© previous performance in design evaluation (thoroughness, reliability, timeliness,
consistency)
Finally, we do not consider that a lower emphasis applied to the assessments
made by the less experienced evaluators is intended punitively or in a personally
denigrating manner.
any large project.

Realistically, varying degrees of expertise are to be expected on
Attaching emphasis coefficients to individual evaluators based on

technical merit is a useful mathematical device for making the best use of expertise
variances when dealing with professionals.

Any other use of this device could likely

prove detrimental to the entire evaluation effort.
4.3.3

Applying Evaluator Emphasis Coefficients
The ranking coefficients obtained in the previous step are not required through

the scoring phase of the evaluation.

In fact, knowledge of the coefficients may

unintentionally affect the actual raw scores applied to an indicator by an evaluator.
This is because an evaluator who is aware of his or her coefficient may apply an
implicit fudge factor, to be taken into account at the point of scoring.

Instead, the

factors may be more appropriately computed after the indicator scoring phase is

complete, to allow unbiased observation of each evaluator's expertise in action.
Observation may then allow real-time assessment of factors such as thoroughness,
timeliness, confidence, etc.

Whenever they are actually determined, the coefficients are used when several
expert evaluators assign a value to the same indicator (or larger indicator basis).

An

aggregate score for the indicator is obtained by a weighted arithmetic mean of the
scores from each evaluator for each indicator.

i=]

The general formula is:

Ww," S:

(4.1)

where:

n = the number of evaluators scoring on the indicator
i = the ith evaluator
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w; = the emphasis coefficient of evaluator i
s; = the score assigned by evaluator i.
One final topic regarding the application of emphasis coefficients is applicable.
Evaluator-specific information such as the score assigned to individual expertise
factors, may be tracked in the KBESD knowledge base.

Additionally, rules relating (1)

the distribution of the factor scores among all evaluators, (2) factor scores for a single
evaluator, and (3) weights to factor scores, may also be included in the KBESD
knowledge base.

These entries can be used to provide automated assistance in the

assessment of the final emphasis coefficients.

Details of the knowledge base and its

application are provided in Chapter 7.
4.4.

INDICATOR IDENTIFICATION
Design feasibility and requirements satisfiability indicators are identified and later

assigned quality scores by expert evaluators, appropriate to their area and level of
technical or operational expertise.

Indicator identification should progress in a divide and

conquer, stepwise refinement fashion, beginning with system-level indicators and
refining these to greater levels of detail.
4.4.1

Indicator Subdomain Refinement and Definition

Systems engineers and problem domain experts (i.e., similar-system operational
experts) begin the indicator decomposition process by establishing system-level
indicators such as system effectiveness (e.g., performance, dependability, etc.). An
example upper highest level operational domain indicator is survivability.

These higher

level indicators are then partitioned along humanware, hardware, etc., lines, yielding
indicators like software performance requirements satisfiability, humanware
dependability requirements satisfiability, etc. Senior evaluators in the respective
technical specialties partition these indicators further into subindicators, such as software
timing requirements satisfiability, humanware reliability requirements satisfiability, etc.
Evaluators with expertise in more highly refined subdomains further decompose these
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intermediate indicators until base-level indicators are established. As a general practice,
the 7+2 rule of thumb should be observed when decomposing an indictor into lower
levels.

Computationally, three to seven indicators are easier to work with than higher

numbers.

Groups larger than this should be split, and smaller groups of indicators may

need to be combined to make other tasks, e.g., applying the AHP, as efficient as possible.
Base-level indicators require no further refinement, and can be "directly" assigned
a score using applicable methods from Chapter 6. Some indicators may reach base-level

relatively soon in the refinement process. These indicators may be scored based on
system-level operations heuristics, for which only expert judgment from operational
veterans can provide a credible subjective valuation.

A discussion of sources for

assigning indicator scores is provided in next section.
Notice the explicit references to "requirements satisfiability" in the names of
upper level indicators.

We include this nomenclature to encourage a traceability to

requirements. In many cases, indicators very deeply nested in the hierarchy may contain
the "requirements traceability" label. Generally at the lowest hierarchy levels, where
metrics, simulation, or expert knowledge are applied for indicator scoring, there may be
no directly traceable link to requirements.

However, the lowest level indicators are

scored ultimately to provide assessments for the degree of satisfaction of the requirements
traceable indicators in the upper levels.
4.4.2

Indicator Score Source Determination
Chapter 3 introduces four sources of indicator scores, i.e., metric-based,

simulation-based, technical domain expert knowledge-based, and operational domain
expert knowledge-based.

At the point of identifying a base-level indicator, a

determination can be made regarding the most appropriate source for providing an
evaluation of the indicator.

During the indicator refinement process, the score source

may be revealed as self-evident.

That is, some indicators may be directly computable

from metrics, as we discuss in Chapter 6. For situations where the appropriate source is

9]

not obvious, experts must make the call based on experience, available resources,
manpower, technology, etc.
4.4.3

Indicator Score Range Assignment
As the indicator refinement subphase progresses, intermediate indicators and

base-level indicators are defined.

We require the definition and assignment of ranges

bounding (possibly overlapping) regions of scores within a uniform interval [0,100].
regions are used both numerically and logically in the evaluation.

The

In this section we

discuss the process of assigning scoring regions and mapping raw or subjective indicator
scores to a uniform interval.

4.4.3.1

Defining Score Range Regions
Two fundamental regions are required for each indicator:

an acceptable region.

a rejection region and

We make a case for additional desirability regions later, but we

proceed to motivate the two fundamental regions first.
A reject region generally bounds the range of scores for which the indicator is not
acceptable at all. This does not imply that the entire design (or subdomain or major
domain) also fails. Instead, we can say that the particular indicator, if only for
comparison or general interest purposes, is not deemed satisfactory with respect to the
system design objectives.
A special case is defined to account for the more serious reject scenario.

In the

case that a failing score for a single indicator invalidates a sibling group, a subdomain, a
major domain, or the entire design, the reject region is also the failure region.

To make

the distinction, systems-level evaluators determine the worst case damage a rejection
score could cause to the evaluation (or more localized indicator grouping).

In most cases,

especially below the upper few levels in the hierarchy, no single indicator's score should
invalidate the entire design.

However, we allow for earmarking an indicator with its

highest potential detrimental impact to the design. Practically, experts from the
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evaluating organization populate the knowledge base of the KBESD with facts and rules
related to both the determination and interpretation of failure regions (see Chapter 7).
The second major scoring region is the acceptable region.

This is clearly the

region of scores which are at least minimally acceptable with respect to the design
objectives.

To allow for more detailed analysis of the degree of acceptability of

individual and aggregate scores, we advocate partitioning the acceptable region into
three regions: a marginal and excellent region on the lower and upper tails,
respectively.
Figure 4.3 depicts a few possible scoring region scenarios.
range width variations exist in a large hierarchy.
common combinations.
distribution.

We expect many

Here we describe several more

Figure 4.3, example (A) depicts a likely typical score range

Example (B) shows what is likely a very critical indicator, with a large

failure region, a modest accept region, and no excellent region.

Example (C) depicts

an indicator which has a broad tolerance for low scores, and which is likely not
critically weighted in the evaluation.

Example (D) depicts an indicator with an implied

essentially linear acceptability function.

More on the topic of acceptability functions is

provided in the next section and in Chapter 6. As a final note regarding the uniform
score range of [0,100], it need not be the case that the most desirable scores are on the
high end of the range.

more desirable.

In those cases, either the ranges are reversed or the scores are re-
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interpreted as [100 - <score>].

For example, a high score for "throughput" is

desirable, but a desirable score for "response time" would be low.

Computationally,

the "response time" score would be converted to its additive inverse with respect to

100.
4.4.3.2

Determining Score Range Regions

Notice in Figure 4.3 that all score ranges are in the uniform range [0,100].
This is an artificial constraint, which greatly eases application of the methodology.

In

this section we briefly address the mapping of scores to this standard range, then direct
the reader to Chapter 6 for more detail and examples.

Base-level scores derived from metrics or simulation are initially assigned ranges based
on the actual units with which the indicator is measured.

For example, a particular

indicator, throughput may be determined to have an actual range of [1200, 57600] for
some unit, say bits per second.

These scores, x, in such an interval, [a, b] could be

mapped Jinearly to the range [0,100] with the boundary conditions: fa) =0, f(b) = 100,
using Equation 4.2. Non-linear mapping functions may also be employed.

Details

regarding this are discussed in Chapter 6.

fa)+=

(4.2)

7100

Judgment-based scores can also be interpreted as being based on fuzzy intervals.
In these cases, the interval [0,100] correlates to the membership interval [0,1],
associated with fuzzy mathematics.

Since Chapter 2 presents an overview of basic

fuzzy mathematics concepts, it is sufficient to state at this point that the a-cut device,
ae(0,1] is employed to demarcate the boundary between the reject and acceptable
regions.

Additional « levels may be applied to demarcate the marginal, excellent, or

additional regions.

Figure 4.4 illustrates the concept.

Application of fuzzy

mathematics to the scoring process is described in more detail in Chapter 6.
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Score

range information is used in the knowledge-based portion of the design evaluation
methodology as discussed in Chapter 7.

4.5.

INDICATOR HIERARCHY CONSTRUCTION
The indicators identified via the decomposition approach described above should

fall naturally into a hierarchical structure. Since the hierarchy is the critical data structure
in the indicator-based evaluation methodology, we provide a discussion regarding both
the construction and independent assessment of the indicator hierarchy.
4.5.1

Indicator Hierarchy Construction
In this section, we discuss the process of constructing a hierarchy of indicators

which are employed in the design evaluation.

We address two key parts:

(1) accounting

for indicator relationships and (2) inclusion of additional indicator-specific information in
the KBESD.
4.5.1.1

Indicator Relationships Representation

Intuitively, construction of the basic hierarchy should be straightforward. As each
intermediate indicator is refined into a collection of subindicators, a tree data structure
However, due to the integrated nature of the complex system
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Figure 4.5. Indicator Relationships.

whose design is evaluated by indicators, there should be relationships defined between
indicators which result in a directed acyclic graph.

The most likely reason for departure

from a tree structure is an indicator which is a "child" of two "parent" indicators.
There are two general types of indicator relationships.

We term as structural a

relationship between two indicators which is a consequence of the decomposition of one
indicator into a set containing the other (i.e., parent and child indicators).

Structural

relationships are represented in Figure 4.5 as solid lines.

Non-structural relationships may be proportional (dashed line in Figure 4.5)
reflecting a quid pro quo interplay between two intermediate indicators or entire
indicator classes, in which changes in one would expect to generate corresponding
changes in the other(s).

For example, projected increases in software reliability would

be expected to result in projected increases in software cost (Figure 4.6a), and

Software Cost

:

|

!
|

Software Cost

|
Reliability

|

a.

Response Time

b.

Figure 4.6. Proportional Indicator Relationships.
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decreases in human-software interface response time would be expected to be reflected
in increases in the cost of the interface (Figure 4.6b).

Non-structural relationships may

be linear or non-linear, involving integer, real, or even complex coefficients.
Structural relationships are directly represented in the KBESD as parent-child
relationships, and these relationships are used in aggregating indicator scores up the

hierarchy (Chapter 6). Non-structural relationships are reflected as facts and rules in the
knowledge base, and are used for secondary evaluation of the design quality (Chapter 7).
4.5.1.2

Additional Indicator-Specific Information
The KBESD indicator inspector and hierarchy browser allow a great deal of

information to be included for each indicator.

We recommend the use or adaptation of

the System Design Factor template of Ngyuen and Howell [94] (Figure 4.7). While not
all fields are applicable or necessary for every indicator in the hierarchy, this template
represents a comprehensive collection of indicator-related information fields.
Condensing from [Ngyuen and Howell 94, pp. 4-1 - 4-2] , we provide brief descriptions
of the fields from the figure.
The Name item is a slot holder for the name of a specific design factor (e.g., #

Reliability of Beam Former). The Type item is a slot holder for the classification of the factor
(e.g., probability). The Range item is a slot holder for the minimum and maximum value or

the cardinality of the factor (e.g., 0.0 to 1.0). The Units item is a slot holder for the unit of
measurement of the factor (e.g., Units of Probability). The Methods/Principle item is a slot
holder for the approaches or techniques that the designer/customer considered to be associated
with this factor (e.g., Fault Tolerance, Highly Reliable Component). The Rationale item is a
slot holder for the reason that this factor applies to a specific component/object (e.g., Life
Critical Function). The Relationship item is the slot holder for the list of closely associated
factors (e.g., Availability, Fault Tolerance).

The Relational Expression field in this item

provides the slot for the list of correlations between this factor and closely associated factors
(e.g., Positive Correlation, Negative Correlation). The Quantification item contains the
Type and Formula fields. The Type field in this item is the slot holder for either integer,
float, double, short, or long.

The Formula field in this item currently provides the slot for

three mathematical expressions: (1) actually calculated (e.g., R(t) = 1 - F(t) ), (2) required to
be a specific value (e.g., 0.989), and (3) budgeted by designer or customer (e.g., 1.01 *
0.989). The Consistency Rule item consists of By-Aggregation, By-Type, By-Design Factors,
By-View, and By-Component rules. For example, By-Aggregation field provides a slot that
holds the rule for governing this factor consistently throughout the hierarchy (e.g., Use Rule X
and Rule Y). The Reference item is a slot holder for the source of reference or the name of
the author that formulated this factor. The Definition item is a slot holder for the clarity for
this factor. The Annotation Item is the slot holder for commenting on relevant information or
providing warnings related to this factor. Lastly, the Next Template item is not completely
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defined at this time, but it is the slot holder for any detailed specification that may not require
the customer's direction.

In addition, we have incorporated fields directly in the KBESD inspector which identify

the life cycle phase in which the indicator is applicable, as well as the general indicator
domain, e.g., "software"

These fields are represented as check-boxes on the inspector

panel for each indicator (Figure 3.4).
4.5.2

Indicator Hierarchy Quality Assessment
In Chapter 3 and in the immediate foregoing, we present indicator identification

as the basis for the design evaluation and we establish the foundational role of the
indicator hierarchy in the design evaluation methodology.

To briefly recap the evaluation

scenario, a design for a complex system is being evaluated by an independent evaluating

1
2

3

4
5

6

7

8

9

10
11.

12

13.

Name:
Type:

Reliability of Beam Former
Probability

Range:

0.0 to 1.0

Rationale:

Life Critical Function

Units:
Methods/Principle:
Relationship:
a. Relational
Expression
Quantification
a. Type
b. Formula

Consistency Rule
a. By aggregation

b. By type
c. By design factor
d. By view
e. By component
Reference:
Definition:

Annotation:

Next Template:
Figure 4.7.

Units of Probability
Fault Tolerance, Highly Reliable Component

Availability, Fault Tolerance, ...
Positive Correlation, Negative Correlation

R(t) = 1 - Fi)
0.989 entered
1.01 * Required
Use Rule X and Y;
Rule X: The probability of the component in
series is the product of its probabilities.
Rule Y: The probability of the component in
parallel use one of rating voting scheme.

Author(s) name
Text Book

Comments

System Design Factor Fields Template.

98

Actual
Required
Budgeted

organization, on behalf of a sponsoring organization. To provide an independent
evaluation of the quality of the design, a comprehensive collection of indicators is
identified and assembled by a group of experts.

These indicators are the elements whose

individual and collective quality scores are used to indicate the quality of the entire

design, and critical aspects of the design process.
However, the design evaluation is not based on a simple collection of indicators,
but on a structured collection.

Indicators are structured into a hierarchy.

We submit that

the quality of the hierarchy (quality, quantity, degree of, and logic behind the
interrelationships between indicators, among other indicators) is reflective of the quality
of the process of indicator derivation and definition, i.e., the application of expertise to
the problem.

It follows that the quality of the evaluative process lends to the credibility

of the entire design evaluation.

Thus, the degree to which the indicators are expertly

selected and structured is an indicator to the sponsoring organization of the credibility of
the results the evaluation can yield (Figure 4.8). With the goal of ensuring high inherent
credibility which produces great confidence in the ultimate results of the design
evaluation, we impose a meta-evaluation of the indicator hierarchy at this point in the
methodology.
After a moment's reflection on the potential consequences of requiring an
independent evaluation of the indicator hierarchy, three issues may strike the reader as

significant.
assessment?

(1) Why another independent assessment?

(2) Who performs the hierarchy

(3) What criteria are used to assess the indicator hierarchy?

We address

each of these issues below.

4.5.2.1

Motivation for Indicator Hierarchy Assessment.
One may argue that an independent evaluation (by a 3rd party) of the design itself

is already a superfluous endeavor, practical only, if at all, for the most costly and mission
critical complex systems (e.g., a space station, a nuclear-powered aircraft carrier, a multiacre chemical processing complex, etc.). Practically, the designing organization has
already performed several design reviews, and the evaluating organization has also
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undertaken to evaluate the design. How, then, can we justify the requirement for
essentially fourth party in the process? Our reasoning is derived from the critical nature
of the mission and costly development and life cycle of the system.
The original three parties play what we view as a strategic role in the system
design process.

They satisfy large-scale, "global" objectives, i.e., bringing an efficacious

system into being in a traceable, accountable, feasible manner.

That is, their

contributions to the system design cycle (requirements, design, and design evaluation) are
fundamental to the entire process.

In our view of complex system design evaluation, the

absence of any of these three contributions should bring into question any further
progress on the entire process.

In contrast, the mission we define as evaluation of the

evaluation hierarchy can be viewed as tactical. It satisfies a specific "local" objective

within the design evaluation process, in much the same way as intermediate design
reviews function within the larger design process.
What is that local objective? In short, it is to answer this question: "ifthe design
is evaluated according to this structured collection of indicators, will it give a sufficient
measure of the goodness or badness of the design?"

An affirmative answer gives

assurance, both to the evaluating organization and the sponsoring organization, that the

evaluation problem has been well defined [Balci and Nance 85]. In that sense, it is also
the assurance that the correct evaluation problem has been addressed by the evaluating
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organization, and that their address of the problem is thorough and demonstrates technical
competence.

This is analogous to the service provided by the evaluating organization to

the sponsor regarding the design itself, i.e., that the correct problem is addressed by the
design, and that the design correctly addresses the problem.
We recommend a parsimonious approach to allocating cost and effort resources to
hierarchy assessment.

While the task is an essential (sub)component of the overall

evaluation, it can be done with considerably less effort than the engulfing design and
design evaluation phases.

Figure 4.9 depicts a recommendation for the relative

allocations of resources among the design subphases.

Hierarchy
Assessment

Design Evaluation

System Design

Figure 4.9. Approximate Relative Expenditure of Resources in Overall
Design Phase.

4.5.2.2

Identification of a Panel for Indicator Hierarchy Assessment
We approach the identification of an independent expert panel to assess the

evaluation hierarchy from the perspective of the sponsoring organization.

We do so

because it is this organization which assumes fiduciary responsibility for the
corporation, customers, or taxpayers who ultimately supply the capital to conduct the
project.

And, it is the sponsoring organization which stands to derive the most benefit

from a positive assessment of the indicator hierarchy, which we have suggested, leads
to a quality operational product.

Consequently, we submit that a "fourth party"
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organization is selected for the purpose of hierarchy assessment at the direction of the
sponsor.
The hierarchy assessment panel must consist of experts in the area of design or
design evaluation for complex systems.

As with the design evaluation organization,

expertise from individual and multi-way intersections of technical and operational
domains is required.

We submit however that the degree of individual technical

expertise should be nearly eclipsed by systems- and operational domain expertise.

This

is primarily due to the aggregate nature of the hierarchy assessment task, which
depends more on the expertise of those with an overall system's perspective, and not
largely from detailed technical knowledge applicable within specific domains.
Practically speaking, there are several reasonable candidate organizations which
could provide a credible assessment of the fitness of the indicator hierarchy.

Some

suggestions include an organization who bid exclusively for the job, an organization
within the sponsoring organization, another designing organization, or another design
evaluation organization.

On an individual organization basis, serious consideration

must be given for the potential for "corporate grudge."

Since it is not the purpose of

this document to prescribe a source for assessment of the indicator hierarchy we stop
short of making any more specific requirements beyond those of independence and
expertise.
4.5.2.3

Method for Indicator Hierarchy Assessment
Overall

hierarchy.

hierarchy quality is revealed in both the content and the structure of the

That is, the quality of the design evaluation hierarchy is assessed by

examination of not only the actual indicators, which are the staple contents of the
hierarchy, but also by the way they are organized in the hierarchy.

Recall from Figure

4.8 that the quality of the hierarchy is a reflection of both the understanding of the
design problem and application of expertise that went into the evaluation.

Thus, to

make assessments of this nature regarding an indicator hierarchy, naturally a collection
of appropriate indicators is required.
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We have found in the literature only sparse references to methods for hierarchy
assessment as we propose here. In particular, regarding the assessment of taxonomies
(pure trees), Fleishman and Quaintance [84], well known for taxonomy-based evaluations
of the human aspect of system performance, offer qualities of external validity such as
logic, parsimony, reliability, and exhaustivity.

We propose the following, which overlap

and extend those of Fleishman and Quaintance.
Breadth of coverage
Depth of coverage
Representativeness of indicator interrelationships

Validity of individual indicators
Sufficiency of indicator decomposition

Life cycle representation
Traceability to requirements

These indicators may appear broad, and do so intentionally.

We assert that these

indicators should be applicable for any design evaluation hierarchy, since the contents are

about a hierarchy, not about a design. Consequently, although the contents of any given
hierarchy are evaluated relative to a particular operational domain, the qualities of the
hierarchy can be subject to an operationally independent set of criteria.
We have developed a structured questionnaire to be used to assess the potential of
an indicator hierarchy for yielding a credible evaluation of a complex system design.

The

questionnaire is designed to elicit feedback from the experts in the hierarchy assessment
group.

4.6.

The questionnaire is presented in Appendix B.

A GENERIC HIERARCHY OF DESIGN EVALUATION INDICATORS
We have conducted an extensive literature search for indicators from individual

domains as well as from multi-way intersecting domains.

The major fields surveyed

included hardware (both structural and computer), software, humanware, system
producibility, and system cost. Based on the indicators extracted from the literature, we
have constructed a generic hierarchy of indicators.
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4.6.1

Purpose of the Generic Hierarchy

This generic hierarchy is provided to serve as a template for the evaluation of
essentially any complex system as we have defined in Chapter 1. It is not our intention
that this hierarchy is suited for direct application to any given design evaluation.

Rather,

any design evaluation organization should be able to use this hierarchy as a starting point,
or template, tailoring it to the particular system design under evaluation.
for individual tailoring remains in the lowest levels of the hierarchy.

Greatest room

There, particular

techniques, metrics and subjective expert knowledge are the most organization

dependent.
4.6.2

Description of the Generic Hierarchy
We now provide a description of the generic hierarchy sufficient to familiarize the

reader with its structure and breadth of coverage.

The complete hierarchy is provided in

the KBESD software tool. In Appendix A we present the complete listing of the
hierarchy, giving indicator names only.
Figure 4.10 depicts a typical KBESD hierarchy representation.

The hierarchy

browser is shown in the upper portion. The lower portion is the associated indicator
inspector, for the rightmost highlighted indicator.

The top level of the hierarchy (leftmost

column in the browser) contains the soft concept "Complex System Design Quality."
Since the quality of a design of a complex system is dependent on numerous factors, we
have decomposed this indicator into a second level of indicators.

These include System

Cost Requirements Satisfiability, System Effectiveness Requirements Satisfiability,
System Life Cycle Applicability, and System Physical Requirements Satisfiability.

We

have adopted the "Requirements Satisfiability" rubric for most upper level indicators
since the quality of the design is to so large an extent dependent on the degree to which
the design satisfies the sponsoring organization's requirements, stated and implied.
include "implied" requirements, because one of the adjunct functions of the design
evaluation is to assure the sponsoring organization that the design satisfies the stated
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We

requirements, but that a// the right requirements have been satisfied, whether explicitly
stated in the requirements specification or not. This prevents what Balci and Nance [85]
refer to as a Type III error, the error of solving the wrong problem.

In this case, the

wrong problem is a design based on incompletely specified requirements.

The expert

evaluation panel possesses the knowledge to discern the degree to which such a Type III
error has been avoided by the designing and sponsoring organizations.
By including so direct a tie to requirements, we build in and enforce a
requirements traceability function for the methodology.

In our hierarchy assessment

questionnaire given in Appendix B, we explicitly request feedback regarding the degree
to which an indicator hierarchy maps the original requirements to indicators.
We now present a brief description of the upper level indicators from the generic
hierarchy.

The hierarchy is extensive, containing over 400 indicators.

Even adequate

coverage of more than the uppermost levels is not plausible within the bounds of this
document.
Cost Requirements Satisfiability and the lower level indicators of its subhierarchy
come largely from the work of Blanchard and Fabrycky [90] who define many system life
cycle cost indicators.

We acknowledge the determination of cost acceptability is as much

an accounting function as it is an engineering function.

However, it is obvious that a

design for a system, functionally acceptable but fiscally infeasible over its life cycle, is a

design which will never be executed.

To determine if the system cost requirements can

be satisfied, a collection of subindicators for the cost requirements satisfiability within
several subcategories is needed.

These subindicators are themselves further decomposed

to four levels and in some cases more.
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The application of this subhierarchy of indicators is not to arrive at an aggregate
dollar amount which is simply compared to a budget "bottom line" figure.

The purpose

of including cost requirements acceptability in this hierarchy is to make provision for
prioritizing cost areas via the weighting mechanism discussed in Chapter 5. In this way,
the KBESD

can be used to facilitate cost trade-off considerations, in the event that some

indicators are assessed to fall in their respective "rejection region."

From the perspective

of design evaluation, as opposed to budget creation, the contribution made by this
indicator subhierarchy is a depiction of degree to which the subsystems and components
specified in the design do, or can be made to, satisfy the budgeted requirements.
Modern systems engineering methods focus on a complete life cycle approach to
systems design and analysis.

Life Cycle Applicability is the aggregate indicator for the

expert assessment of the degree to which the design accommodates all life cycle phases
of the proposed system.

Inclusion of this indicator and its subhierarchy is in

accordance with the design evaluation criteria of Verma [91].
Determination of a value for this indicator relies on the values of a subhierarchy
of lower level subindicators.

For Life Cycle Applicability (highlighted in the second

column in Figure 4.10), a first line decomposition produces indicators for the major
phases of the system life cycle.

The subindicators address Producibility, Deployability,

Maintainability, Modifiability, Supportability, and Retirement.

Producibility

Requirements Satisfiability is selected in the third column of Figure 4.10.

The

maintainability and supportability indicators are included to re-enforce the modern
trend toward concurrent engineering, which includes design for maintenance,
production, and operational support concurrent with the design of the system itself.
These subindicators represent the aggregate expert assessment of the degree to which
the design respectively addresses their particular phase.
individually further decomposed.

These subindicators are

The next level of refinement yields, e.g.,

subindicators for System Producibility Requirements Satisfiability as shown in the
rightmost column of the browser of Figure 4.10.
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The KBESD also makes provision to identify the applicable life cycle phases for
every indicator in the hierarchy.

The inspector for each indicator contains check boxes

which are used to indicate at which phase in the system life cycle an indicator is
applicable, as shown in the lower half of Figure 4.10. The KBESD makes use of these
fields in a knowledge-base of facts, rules, and assertions relating an indicator's
applicable life cycle phases to other attributes such as its weight, score, score source,
and others.
We now delve a little deeper into the hierarchy, and describe one of the indicator

subhierarchies further down the Life Cycle Applicability branch. Software Producibility
Requirements Satisfiability and its lower level indicators address the evaluation of a
design for a complex software system with respect to the feasibility with which it can be
(correctly) produced.

The upper levels of this subhierarchy come largely from the

examination and extension of the work of David Card [92]. This indicator domain serves
a role similar to the cost domain.

That is, no matter how functionally complete a design

for a system is, if implementing the design requires human, hardware, and software
resources which cannot be made available to meet the schedule of the operational need, at
any cost, then the system cannot meet the sponsoring organization's needs.
This indicator also addresses the potential for correctly producing the desired
system.

Lower level indicators like design structure complexity and its subindicators give

a measure of the degree to which a correct software system can be effected through
implementation of the design. At this depth, commonly known and applied metrics (e.g.,
Henry and Kafura's Information Flow metric [Henry and Kafura 84]) may be computed to
yield leaf-level scores for this branch of the hierarchy.
We note also at this depth in the hierarchy we have encountered indicators which
are applicable to more than one parent. In particular, correctness and related indicators
are also appropriate for evaluation of some of the performance and dependability
requirements satisfiability indicators which are themselves separate subhierarchies.
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Our

point is to introduce at this point the networked nature of the hierarchy due to multi-way
influences among indicators.

Many instances of this are found in the hierarchy.

Returning to the topmost levels of the hierarchy, we note System Effectiveness
Requirements Satisfiability is decomposed into two main branches, relating to indicators
for system performance and system dependability. System Performance Requirements
Satisfiability and lower level indicators in its subhierarchy come from a large number of

sources in the literature. These indicators are used by the evaluating organization to: (i)
measure known entities, (11) predict unknown quantities by simulating system behavior
based on known quantities, and (iii) apply subjective expert knowledge based on the state
of the art of available technology and experience in the operation of similar or related
systems.
The reader can observe from the hierarchy in Appendix A large number of
subindicators from a wide range of disciplines which populate the system performance

subhierarchy. Indicators cover disciplines from human performance (both physical and
mental), software performance, computer hardware performance.

These design quality

subindicators cover the degree to which design accounts for such diverse topics as task
complexity, hardware I/O response times, human operator cognitive ability variations,
communications signal to noise ratio tolerances, and many others. We include such
detailed indicators, and recommend the inclusion of many others, tailored to the particular

system design.

This is because a design for a complex system comprised of interacting

elements from the humanware, hardware, and software domains needs to consider system

performance with respect to variances in performance of these lower level indicators.
System Dependability Requirements Satisfiability covers a wide range of
dependability issues. It primarily relates to the aggregate expert assessment of the degree
to which the system design accounts for the dependability requirements for the proposed
operational system.

For the first level of decomposition, and a few additional levels in

some cases, we have based our dependability decomposition on the work of Laprie [92].
This work has become a de facto standard for terminology in the dependability literature.
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We have incorporated Laprie's Reliability, Availability, Security and Safety attributes of
dependability with our set of major domains and their multi-way interfaces, i.e., Software
Security Requirements Satisfiability, Humanware Availability Requirements
Satisfiability, etc. Unfortunately, references exploring these attributes as distinct
indicators are rare. The exceptional case is that of Reliability, which has better
representation both in the literature and in our hierarchy.
Issues of reliability intersect all three major domains of hardware, humanware,
and software, as well as their intersections. A great amount of literature is available
particularly for the humanware, human-hardware, and human-software interfaces.

These,

too, are proportionately represented in the hierarchy. In recent years, more has been
published regarding software reliability. Almost without exception, these measurements
are based on Markovian models and Petri nets, both deterministic and nondeterministic.

Clearly score sources for this category of indicator would rely heavily on system,
software, hardware, and human behavioral models.

Widespread interest is found in the literature on the issue of human reliability.
This is particularly important for complex systems such as nuclear power plant control
rooms, military vessels or vehicles, space vehicles, or aircraft, where a human operator is
the ultimate controller of the function of the system.

Consequently, we provide coverage

of considerable depth in this area in the hierarchy.
Returning finally to the upper regions of the generic hierarchy, we now address
Physical Requirements Satisfiability.

This indicator has its basis in the work of Ngyuen

and Howell [94] with extensions from varied sources in the literature. This subhierarchy
of indicators may be based largely on known quantities (weights, sizes, durability) which
are fixed according to the allocation of system functionality to subsystems and
components in the design.

Like the cost indicator subhierarchy, the indicators in this

subhierarchy are not intended for use as an aggregate value for system weight, size, etc.
Instead, the intent is to provide an aggregate measure of the degree to which the design
specifies components which would allow the implemented system to remain within
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specified requirements.

Again, as with cost indicators, the KBESD facilitates trade-off

considerations based on indicator weights.
There are two overlapping subsets of physical requirements indicators.

Weight

and volume and survivability-related indicators are particularly applicable for designs of
vehicles, mobile, or portable systems.

A second major subset of these indicators are

applicable for technologically advanced industry applications such as robotics controlled
manufacturing, intelligent-software controlled industrial processing or manufacturing, or
nuclear power plant control rooms.

Indicators applicable to this class of system relate

more to floorspace, capacity, and energy requirements, with a distinct de-emphasis on
mass- and mobility-related indicators.
4.7.

SUMMARY
In this chapter we describe the initial phases of the design evaluation

methodology. Determination of dominance of the system design by one or more indicator
domains is an initial step. Its results are represented throughout the evaluation, even
bearing on evaluator selection and expertise allocation.

Indicator domain refinement,

indicator definition, and the determination and assignment of indicator-related
information are the next major focus. Finally, the indicator hierarchy construction
process is detailed, accounting for the various types of indicator relationships.

As a

checkup, the indicator hierarchy itself is to be independently assessed for
representativeness and potential to yield credible evaluative results.
We also provide and describe a generic hierarchy of complex system design
evaluation indicators.

The complete listing of the current hierarchy is provided in

Appendix A. The software version of the entire hierarchy can be made available for use
on the KBESD.
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5. DETERMINING INDICATOR WEIGHTS
5.1.

INTRODUCTION
Chapter 4 details several procedures culminating in a hierarchy of design quality

indicators.
however.

Not all indicators contribute equally to the assessment of the design,
This hierarchy's nested structure partially accounts for this by virtue of the

vertical decomposition of indicators.

Unilaterally, among siblings, indicator score

criticalities with respect to the aggregate parent score may also vary.

In this chapter,

we provide a procedure to determine relative weights for indicators within a sibling
group.

Our chosen method for determining these weights is the Analytic Hierarchy

Process (AHP), proposed by T.L. Saaty [80, 94].
The chapter contents are as follows: Section 5.2 provides a detailed explanation
of each step in the process.

Section 5.3 provides an example of the application of the

AHP to the determination of weights among sibling indicators.
other techniques for relative weight determination.

Section 5.4 overviews

Section 5.5 concludes the chapter

with a summarizing case for our choice of the AHP as our primary method.
5.2.

THE ANALYTIC

HIERARCHY

PROCESS

The steps of the AHP, with explanations from the literature are given as
follows:
Step 1.

Define and validate the goal or decision to be analyzed:

If a decision is to be

made, then it must be a valid one and its scope must be bound to a workable size.

Step 2.

Choose indicator set:

This is perhaps the most difficult of all the steps.

In

this step, the decision makers must identify a set of indicators which represent all the
aspects of the decision problem which must be weighted and measured.

This step is

critical because it reflects the decision makers' understanding of the elements required
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to make a valid decision.

Adjustments to the collection of indicators may need to be

made during the next phase.

Step 3.

Construct the decision hierarchy:

previous one.

This phase is nearly as critical as the

The resulting hierarchy of decision elements is a direct reflection of the

decision makers’ understanding of causal and cooperational dependencies among
decision elements.

Step 4.

Perform pairwise comparisons:

For each set of decision elements which are

"children" under the same "parent" node in the hierarchy, relative comparisons are
made between pairs of elements.
shown in Figure 5.1.

The ratio scale typically used for comparison is

Other scales, including real numbers and a wider range are

discussed by J. Saaty [93].

Discussions of the theory of the ratio scale are provided by

Harker and Vargas [87], T. Saaty [93] and Forman [87,93].

The pairwise comparisons are recorded in an n-by-n judgment matrix, where n
is the number of elements in the subset.

Comparisons can also take other forms.

Saaty

{94] and Salo [93] describe comparisons in the form of interval judgments instead of a

single ratio.

Jensen and Hicks [93] discuss a technique which involves pairwise

comparisons given ordinally only, without the use of a relative scale.

Regardless, the

maximum number of comparisons required for n elements is (m)(n-1)/2, since only the

DEGREE OF
IMPORTANCE
I
3
5

DEFINITION

EXPLANATION

Equal importance
Moderate importance
Essential or strong
importance

Two elements contribute equally to the property
Experience and judgment slightly favor one element over another
Experience and judgment strongly favor one element over another

7

Very strong importance

9

Extreme Importance

2,4,6,8
Reciprocals

Intermediate values

between two judgments

An element is strongly favored; its dominance is demonstrated in
practice
The evidence favoring one element over another is of the highest
possible order of affirmation
Compromise is needed between two adjacent judgments

When element i compared to j is assigned one of the above numbers,

then element j compared to i is assigned its reciprocal.

Figure 5.1. Ratio Scale for the Analytic Hierarchy Process.
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upper triangle of the matrix needs to be completed.

The lower triangle contains the

inverses of their symmetric entries, and the diagonal, of necessity, contains all ones.

This special matrix is called a square reciprocal matrix.

It demonstrates some desirable

mathematical properties which ease computations for consistency.
Relatively simple mathematics reveal the fast growing nature of the number of
pairwise comparisons required.

The number grows large especially for a hierarchy

which contains a large number of indicators.

If we let n be the average number of

children per parent node and d be a depth of the hierarchy (root at d=1), the number of

pairwise comparisons required is (n*-n)/2.

As depicted in Table 5.1, the number of

children per parent increases downward and depth in the tree increases to the right.

To

obtain the values in the table, we assume a complete tree of n nodes per parent at each
depth.

For example, a complete hierarchy with a depth of five (5) and an average of

five (5) child indicators per parent indicator would require at worst case 1560 pairwise
comparisons.
Fortunately, the worst case need not always prevail.

In many example

hierarchies provided in [Saaty 80, 90a, 90b, 94] and elsewhere in the literature, it is
likely that the hierarchy is not necessarily full, reducing the number of required

comparisons.

Regardless, when the number of comparisons to be made becomes larger

than would appear manageable, alternative means for completing massive comparison
matrices or matrices with missing judgments have been derived, as discussed below.
Another instance in which judgments might be left undetermined includes the scenario
in which a decision maker simply does not have enough information on which to make
a comparison.

Yet another occurs when e.g., disagreements or company politics make

it inexpedient to come out with a firm comparison for two key decision elements.
Saaty [90a, 90b, 94] addresses the specific issue of conflict resolution.

Solutions also

addressing the problem of excessive numbers of comparisons are discussed below.
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Table 5.1. Number of Pairwise Comparisons for a Full Hierarchy.

Nodes/Depth

2

3

4

5

6

7

3

3

12

39

120

363

1092

4

6

30

126

510

2046

8190

§

10

60

310

1560

7810

39060

6

15

105

645

3885

23325

139965

7

21

168

1197

8400

58821

411768

8

28

252

2044

16380

131068

1048572

9

36

360

3276

29520

265716

2391480

10

45

495

4995

49995

499995

4999995

Harker [87a, 87b] proposes that as few as n comparisons suffice to generate all
entries for the judgment matrix.

However, the entries must comprise a minimum

spanning tree for a graph representing the collection of elements plus one redundant
entry.

This is necessary to ensure at least one path exists between every pair of nodes

(elements), whose entry in the matrix is represented at position a,;.

Based on this graph

theoretic approach, Harker iteratively estimates values not yet assigned as the
geometric mean of the intensities of all paths from element i to element 7.
consists of all nonzero matrix entries, a,,,, in the path @j,,...,a,;.

Such a path

Wedley, et al. [93]

suggest that significantly greater initial accuracy in choosing the first n-1 comparisons
is achieved if the elements are first ordinally ranked, and the lowest ranked element
used as a baseline for the initial n-1 comparisons.
Harker [87b] also proposes a method of determining when enough comparisons

have been performed to achieve a stable set of element priorities.

If w* is the vector of

relative weights computed after k comparisons, then a decision maker could stop after

k+1 comparison if |w

k+1

w'|/w < a, where a is a prespecified threshold.

Harker

found that for «=0.05, a significant number of comparisons could be eliminated.
Table 5.2.
Table 5.2. Reduction in Pairwise Comparisons.

n
6
7
8
9

n(n-1)/2

15
21
28
36

| Reduced Comparisons Required

10.90
12.24
13.56
14.36
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Percentage of Comparisons Required

72.67
58.29
48.43
39.89

See

Step 5.

Compute consistency of judgments.

critical to application of the AHP.

Consistency is related to transitivity.

judgment matrix A, with entries a,;.
to entry a, times a,, i<j<k.

The concept of consistency is simple, yet

Consider the

Transitivity implies that entry a; should be equal

If every such triad of judgments in A is transitive, then

the matrix and the judgments are perfectly consistent.

In the realm of human

judgments, departures from perfect consistency are likely the rule rather than the

exception.

For example, it is quite common to like bananas more than apples, apples

more than grapes, but prefer grapes to bananas.

This is human nature, and the AHP

was developed with the inconsistencies of human judgment in mind.
Consistency is computed from the maximum eigenvalue of the judgment matrix
which solves Equation 5.1:
5.1
@.1)

AW=AnaxW
where A is the judgment matrix, w is the right eigenvector for A, and A,,,, is the

maximum eigenvalue for A.
A consistency index (CI) for an n-by-n matrix is computed as follows:
CI = (Agax-1)/(n-1)

(5.2)

The CI is normalized by a random index of consistency, RI.

The RI is

computed as the average CI for a large number of n-by-n reciprocal matrices, filled
with random entries from the ratio scale referenced earlier.

values of mn appear in Table 5.3.
Consistency Ratio

=

Random indices for several

The desired consistency ratio, CR, is simply:

CI/RI

(5.3)

Saaty [80, 94] has suggested that a CR of greater than 0.1 indicates an
unsatisfactory consistency in judgments, which could lead to invalid decisions.

See

[Apostolou and Hassell 93] for evidence that suggests a confidence interval about 0.1 is

n

1

2

CI

0.0

0.0

Table 5.3. Random Consistency Indices [Saaty 94].
3
4
5
6
7
0.52

0.89

1.11
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1.25

1.35

8

9

1.40

1.45

more appropriate.
The issue of consistency has been examined variously in the recent literature.
Murphy [93] demonstrated an inherent bias in the nine-point ratio scale toward
inconsistency, especially when several judgments are assigned values on the high end
of the scale.

She notes, however, that this has the effect of canceling a portion of

judgment error due to inflated ratios.
Harker [87a, 87b] offers a technique for determining whether and which

additional comparisons are required to achieve desired consistency.

The consistency of

an n-by-n reciprocal matrix improves as the largest right-side eigenvalue for the matrix
decreases towards n.

Consequently, a pending comparison would improve consistency

if it reduced the (estimated) value of the eigenvalue.

It follows that the next

comparison to be performed should be the one which would reduce the eigenvalue the
most.

Harker makes use of the derivative of the eigenvalue for the matrix with respect

to any given missing entry as a guideline.
approach.

Dadkhah and Zahedi [93] offer a simpler

The comparison to perform next is the one in position a;, which yields the

highest differential of the 4,,,,.

Harker cautions that the resultant a, is at best a

guideline, and that a ranking of the top few candidates would be most helpful to the
decision maker.
Other consistency determination approaches have recently appeared in the

literature.

Wedley [93] extends the works of Harker [87a, 87b] and Forman [88] with

multiple regression equations to both detect significant inconsistency and predict
ultimate consistency of an incomplete square reciprocal matrix.

He also provides

guidelines for incorporating the prediction equations into an AHP software program.
Salo [93] proposes a framework employing extended regions, similar to predictive right
eigenvectors, for attaining early consistency gauges when pairwise judgments are
missing or in the form of interval judgments.

It derives bounds on element priorities as

new comparisons are made, providing decision makers with early indications of
element ranking.

Jensen and Hicks [93] propose an additional coefficient of
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consistency applicable to the special case when judgment matrices are simply ordinal,
and not based on a ratio scale, as we mention in Step 4.

The reader is referred to the

source for details.

Step 6.

Make necessary adjustments for consistency.

If the CR is greater than 0.1,

there are several techniques for making adjustments to achieve a desirable consistency.
The simplest technique, suggested by T. Saaty [80,94] and J. Saaty [93] is to spotcheck the pairwise comparisons, looking for obvious examples of gross intransitivity,

such as with the fruit preferences mentioned above.

More sophisticated methods exist,

as described in Step 5.
In addition, DeTurck [87] suggests an iterative procedure for improving
consistency in increments of approximately 10%.

His approach is computationally

intensive, but 1s warranted for key decision elements for which minimal inconsistency
is critical.

Blankmeyer

[87] compared the eigenvector method of AHP to four

techniques based on minimizing the Euclidean distance between observed consistency
and perfect consistency.

He found the eigenvector method was least likely to result in

reversal of ranks as judgments were adjusted, but that it was the only technique
examined for which priority determination was not symmetric with respect to the
transpose of the judgment matrix.

The point offered by the author was that the

judgments which are more natural to make are those for the degree of being dominated
(column entries) versus the degree of dominance (row entries).

These judgments would

be represented as the transpose of the AHP matrices as we show them.
Step 7.

Compute relative weights of elements.

This step will have already been

completed in the process of making consistency determinations in prior steps.

The

right-hand eigenvector for the judgment matrix A contains the relative weights for the
elements which have been compared.

Saaty [94] offers

computing or approximating the eigenvector.
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as many as four methods for

The first involves a straightforward

normalization of matrix entries by the sum of the entries in the row.

The second

technique involves normalization by the maximum element in the column.

The third

technique involves the geometric mean of the matrix row elements, and the fourth

technique is the exact solution from matrix theory.
known and are not repeated here.

All these techniques are well

Software tools such as Mathematica or Expert

Choice are used in practice to provide exact solutions.

Step 8.

Compute consistency of the hierarchy.

Assuming satisfactory consistency has

been attained for the individual element subsets, a final consistency measure for the
entire hierarchy could be computed.

Saaty tersely describes the process as follows:

The consistency of a hierarchy is obtained by first taking the sums
of products of each consistency index CI with the composite priority of its
criterion (parent). Then the ratio is formed of this number with the sums
of the products of the random consistency index for that order matrix with
the composite priority of its criterion [Saaty 94, pp. 126-127].
As with the individual matrix, the consistency ratio for the hierarchy should be
less than 0.10 in order not to cause concern for needed improvements in the judgments.
Saaty does not elaborate on the advantages of hierarchical consistency and provides
only cursory mention of it in the several works where it is discussed [Saaty 80, 86,
90a, 90b, 94 and J. Saaty 93].

Step 9.

Adjust for consistency as needed.

Adjustments to hierarchical consistency

have to be made at the level of the individual matrix [Saaty 93].

Generally, attempts

must be made to reduce the inconsistency of the matrices which are either highest
ranked, the most inconsistent, or both.
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Step 10.

Compute global weights for all indicators.

The global weight for a leaf

element is simply the product of its local weight with its parent’s recursively computed
global weight.

Depending on the use of the weighted elements in a decision, only the

local weights may be required, since the global weights only apply to the leaf nodes.
We see in the applications portion of this proposal how the local weights are used in a
design evaluation scheme.
5.3.

APPLICATION OF AHP FOR INDICATOR WEIGHT

DETERMINATION

To illustrate the application of the AHP, we use an example hierarchy, adapted
from the illustrative hierarchy given in Chapter 3.

This must be considered only a

portion of a larger hierarchy, but it is large enough for our purposes.
the subhierarchy shown in Figure 5.2.
applying the AHP.

We begin with

We proceed downward through the hierarchy,

Where necessary (e.g., for consistency adjustment, etc.) we apply

corollary techniques as proposed in the sources from the literature.
5.3.1

Making Pairwise Comparisons among Sibling Indicators
The first three steps of the AHP procedure have already been accomplished as

of this step, since the goal of "Acceptability of System Survivability" has been

System
Survivability

a:
Stealthability”

a:
Maneuverability

visiblefl
amounage
‘

Lateral Speed

passive
Stealth
.

mcuive .
ectronic
Stealth
Infrared

Rotation Speed

Pe
Acceleration
.

.

Turning Radius
Climb Speed
Dive Speed

ope
Defendability

oy:
Recoverability

Threat
Detectability

Defensive Systems
Response Time

—_|Superstructure
Maintainability

Optical Sensor
Capability

Defensive Systems
Destructive

_|Life Support
Maintainability

Infrared Sensor
Capability

Capability

.
.
Defensive Systems _| Electronic Sensor

Defensive Systems _ |Maintainability
Capability
ne
ammunition
Propulsion Systems | Acoustic Sensor

Sone,

Capability

Camouflage
Acoustic
Stealth

Maintainability

Cloaking System
Maintainability

Figure 5.2. Example Indicator Subhierarchy.
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Capability

established, and the decision indicators have been identified and assembled in a
hierarchy.

In the hierarchy of Figure 5.2, there are no multiple-parented indicators.

If

there were, the indicator would be judged for a weight with respect to each parent.
Step 4 requires pairwise comparisons be performed between indicators in a sibling
group.

The highest level sibling group contains the indicators {"Stealthability",

Maneuverability, Defendability, Recoverability, and Threat Detectability}.

We now

describe the process of making pairwise comparisons to determine relative weights of
indicators.

5.3.1.1

Additional methods are referenced in Section 5.4.

Preliminary Exercises to Promote Consistency
Before beginning the process, there are some preliminary exercises which have

a positive impact on the numerical credibility and practical acceptability of the
comparisons.

To be successful in the effort, evaluators should first conduct a

preemptive discussion of the indicators in a sibling group with the purpose of
determining a rough rank ordering.

The discussion should allow for ties.

Second if

possible, the discussion should result in an identification of best and/or worst
candidates among the sibling indicators (ties allowed).

In both cases, no discussions of

degree of order or of goodness are required.
The rough rank ordering provides a basis for at least preferential transitivity in
making the pairwise comparisons.

It is an indicator of the degree to which

comparisons based on evaluator preference (judgment) demonstrate general transitivity.
For example, if the group thinks indicator A is more important than B, and B more
important than C, then transitivity in preference would lead us to expect a preference of
A over C.

While this need not always be the case, it is an indicator that the resulting

relative weights are based on logically sound reasoning.
The establishment of a best/worst indicator can provide a basis for comparisons
which should lead to improved numerical consistency.

This follows the

recommendations of [Basak 93; Jensen and Hicks 93].

Both exercises should promote

a consensus among evaluator preferences.

This is important so disparities in judgment
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are not played out on the numerical battlefield when judgments are averaged to obtain a
single value.

In this case, the final numerical assignment made more closely agrees

with the values from and intentions of the evaluators.

5.3.1.2

Determining a Value for a Pairwise Comparison
From Section 5.2, Step 4, the actual process of making numerical pairwise

comparisons is straightforward.

The general process involves making entries into a

judgment matrix, of size n by n, for n indicators in the sibling group.
contains the value for the comparison of indictor / versus indicator 7.

Entry (i,j)
The reciprocal of

this value appears in position (j,i).
For two indicators in the same sibling group, an evaluator indicates the degree
of preference (or importance) of one indicator over the other.

In our example,

judgments for top-level indicators are provided in Figure 5.3.

Judgments and resulting

weights and consistency ratios for their respective sibling groups appear in Figures 5.45.8.

The figures are images from the AHP software tool Expert Choice.

We now

address the contents of the output.
For the pairwise judgments, entries in each row relate the relative importance of
the row head to the importance of the column head.
Opposite is meant.
2, ..., 8, 9}.

If the value is in parenthesis, the

Judgments are made with respect to the scale {1/9, 1/8, ..., 1/2, 1,

Discussions of the scale are provided in Figure 5.1.

For example, in

Figure 5.3, Maneuverability is rated moderately more important than Stealthability
(3.0), instead of the other way around.

Computationally, the parenthetical entries are treated as reciprocal values in the
judgment matrix.

The parenthetical notation is simply a typographical convenience.

Note in this example that Threat Detectability and Recoverability are judged to be
equally important, as are Defendability and Maneuverability.

Explanatory notes in the

figure provide definitions for the indicator abbreviations and the comparison scale
employed.
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Figure 5.3. Top-Level Pairwise Comparisons.

Combining Comparisons from Several Evaluators

We anticipate that in many cases, there will be several expert evaluators

involved in making the pairwise comparisons.

In these cases, how are the final values

for each pairwise comparison determined?

Saaty [94] suggests taking the geometric

mean of the respective evaluator's values.

The geometric mean has been demonstrated

to be more capable of dealing with ratio or reciprocal values, which are common when
applying the AHP [Aczél and Saaty 83].

Using the arithmetic mean for the values 3

and 1/4, the aggregate value would be (3+.25)/2 = 1.625.
the value would be SQRT(3*1/4)

= .866.

Using the geometric mean,

The geometric mean (Equation 5.4) yields

the more conservative value.
We provide in Chapter 4 a means to logically and mathematically discriminate
between expertise levels of evaluators, deriving evaluator emphasis coefficients (EEC).
An EEC is applied to each pairwise judgment of each evaluator, to ensure that the

(5.4)

weighted geometric mean = I] Cc a
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comparisons take fullest accounting for variances in expertise.

Thus, we incorporate

this coefficient in computing a weighted geometric mean by the formula in Equation
5.4.
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Figure 5.4. Comparisons, Weights and Consistency Ratio for Stealthability.
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Figure 5.6. Comparisons, Weights, and Consistency Ratio for Defendability.
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Figure 5.7. Comparisons, Weights, and Consistency Ratio for Recoverability.
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Figure 5.8. Comparisons, Weights, and Consistency Ratio for Threat Detectability.
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5.3.2

Computing Relative Weights
Step 5 calls for the computation of relative indicator weights and assessment of

judgment consistency.

Details of the procedure are described in Section 5.2.

For

illustration and comparison, we compute the consistency using four relatively simple
methods, then give the exact results using the Expert Choice software.

Each method is

described in [Saaty 90].
To begin computation of relative weights, we present for reference the complete
reciprocal matrix shown in the left side of Table 5.4.

To arrive at the results of

Method 1, we employ what Saaty [90] refers to as the crudest technique.
each row sum is simply divided by the sum of all the sums.

In this case,

For Method 2, the better

technique, the reciprocal of each column sum is divided by the sum of the reciprocals.
Method 3, called good, requires dividing each entry by its column sum.

The row sums

are then computed and each is divided by the number of elements in the row.

Method

4, also good, begins with the geometric mean (nth root of the product) of each row's
entries, where there are 7 entries in each row.
sum of the row means.

Each row mean is normalized by the

The results and some intermediate values are provided in the

right side of Table 5.4.
The exact value requires raising the judgment matrix to arbitrarily large powers
and normalizing each row sum by the sum of all elements in the matrix.
vector in this case is (0.055, 0.160, 0.170, 0.293, 0.321)’,

places agrees with the results of Method 3.

The solution

which to three decimal

In fact, accuracy in approximating this

Table 5.4. Matrix of Computations for Weight Determination.
SURVIVStealth | Maneuver | Defend | Recover | Threat
ABILITY
Detect
Stealth
1.00
0.33
0.33
0.20
0.17
Maneuver | 3.00
1.00
1.00
0.50
0.50
Defend
3.00
1.00
1.00
0.67
0.50
Recover
5.00
2.00
1.50
1.00
1.00
ThreatDt
6.00
2.00
2.00
1.00
1.00

ROW
SUM
2.03
6.00
6.17
10.50
12.00

Meth
1
0.055
0.163
0.168
0.286
0.327

COLSUM |

36.70

1.00

18.00

6.33

5.83

3.37

3.17
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| Meth
2
| 0.056
| 0.158
| 0.172
| 0.298
| 0.317

| Meth
3
| 0.055
| 0.160
| 0.170
| 0.293
| 0.321

| Meth
4
| 0.056
| 0.161
| 0.170
| 0.292
| 0.321

1.00 | 1.00 | 1.00

vector's true value increases from Method 1 to Method 3.

Method 4 provides a

suitable estimate in the presence of larger inconsistency.
5.3.3

Determining Consistency of Judgments
The solution vector which provides indicator weights is also the right

eigenvector for the judgment matrix, introduced in Equation 5.1.

From Equation 5.2,

we see the role of the maximum eigenvalue, A,,,,, of the judgment matrix, in the
determination of a consistency index of the judgments (CI).
the (in)consistency ratio, CR.

From the CI we can derive

Henceforth, the terms "consistency ratio" and

"inconsistency ratio" are used interchangeably with the former term being preferred.
We can estimate the eigenvalue by solving Equation 5.1 for A,,,,.

First, take

the product of the judgment matrix and the right eigenvector (computed from any of the
methods above).

Divide the resultant vector by the eigenvector estimate.

arithmetic mean of the elements of the quotient vector.

Next take the

For our example, the resultant

values for the product and quotient vectors and the eigenvalue estimate are
respectively:

(.278, .804, .853, 1.468, 1.608)", (5.008, 5.011, 5.006, 5.014, 5.011)", and 5.01.
Applying Equation 5.2, using n=5, the CI for the judgment matrix is:
(5.01-5)/(5-1) = .0025.

Applying Equation 5.3 and Table 5.3 (for n=5, RI = 1.11),

we obtain an (in)consistency ratio, CR of .0025/1.11

=

.002.

This value is well

below the 0.1 desired upper bound, so we proceed with confidence in the consistency
of our judgments for this set of indicators.

For other sets of judgments, such a

desirable consistency is not achieved the first time, in the following sections we discuss
handling less than desirable consistency.
5.3.4

Handling Inconsistency in Pairwise Comparisons
Upon review of Figures 5.4-5.8, the reader may notice that the consistency

ratios for the sibling groups of Maneuverability (.166), Defendability (.139), and
Threat Detectability (.116) exceed the desirable threshold of 0.1.
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We note in Section

5.2 references to several mathematical techniques for converging to an acceptable
consistency, e.g., [Wedley 93; Harker

87a].

In this section we provide methods for

determining an approach to handling inconsistencies in judgments.

Several factors

should be considered individually and in combination:
degree of inconsistency
weight of the parent indicator (e.g., Maneuverability)
expected weight of the parent indicator
number of siblings in the sibling group
agreement among evaluators regarding the original pairwise comparisons
In light of consideration of the factors, there are three courses of action:

I.
2.
3.

Accept the level of inconsistency
Determine and adjust the most offensive pairwise comparison(s)
Conduct the entire comparison exercise again for the sibling group.
In the subsections to follow, we discuss techniques for each course of action.

Techniques for the’second and third course of action are well studied and in many
cases, mathematically complex.

In the hundreds of references to the AHP we have

encountered, we have yet to find a direct reference to the first course of action.

A

notable contribution to the subject matter then, is the presentation of a logical and
mathematical basis for determining when apparently excessive inconsistency can be
tolerated.

However, we cite a single, possible exception to our claim of original

contribution.

Apostolou and Hassell [93] conducted a study which revealed no

significant statistical differences (p = 0.05) in mean weights determined by over 100
evaluators.

This was observed even though the mean CR was 0.125, and half of the

evaluators' comparisons had a CR > 0.10.

The authors did not extend their findings

to methods for interpreting inconsistency, and so we assert that our claim of a
contribution is valid.
For the latter two options, we reference published techniques and point the
reader to a software tool which assists in executing the options.
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5.3.4.1

Accepting Excessive Inconsistency
A team of expert evaluators may actually be justified, mathematically and

logically, in simply accepting greater than desirable inconsistency.

Justification can be

based on intuition or dogma alone, taking shelter in the maxim that a threshold of 0.1
is Saaty's recommendation, not a mandate.

Practically speaking, since the pairwise

comparisons are the product of human preference and judgment, perfect consistency
need not necessarily be expected.
required.

Transitivity in human judgment simply is not

It is our intention in using the AHP to account for that aspect of human

judgment.
A more plausible justification for ignoring excess inconsistency is that the
weight of the parent indicator is relatively low compared to its own sibling indicators.
In such cases, the parent indicator weight may be considered "low enough" such that
any negative consequences of inconsistency have insignificant impacts on the upper
regions of the hierarchy.

A simple indicator of "lowness of weight" is the ratio of an indicator's actual
weight to its expected weight, 1/n, where the parent indicator is one of n sibling
indicators.

In our example, Maneuverability has a weight of 0.160.

one of five siblings, its expected weight is 1/5 = 0.2.
0.8.

Given that it is

The ratio is then 0.160/0.20 =

The indicator has a weight about half of that of either Recoverability (0.293) or

Threat Detectability (0.321).

Also, it has a weight Jess than would be expected if all

indicators were considered equal.
In view of the foregoing discussion, we introduce a factor to guide the
evaluators in determining when a degree of inconsistency exceeding 0.1 may be
considered acceptable.

In general, when the parent indicator of a sibling group has a

weight approaching or below its expected weight, the Lightweight Factor (LF), can be
applied.

This factor is computed as in Equation 5.5:

Lightweight Factor =—
CR

W,

(5.5)

Np
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where:
Nn,
is the
been
CR
is the
is the

number of indicators in the sibling group for which (in)consistency has
computed;
consistency ratio of the sibling group;
weight of the parent indicator (e.g., Maneuverability); and

is the number of siblings in the parent's sibling group (factors into the expected

weight of the parent).

We now examine the components of the Lightweight Factor.

The LF takes into

consideration all but one of the items we list above with regard to determining how to
approach inconsistency.

It does not take into account the subjective factor "agreement

among evaluators on comparisons."

This subjective factor is well-suited to

implementation through knowledge-based inferencing, as we address in Chapter 7.
Regarding the interpretation of the values of the Lightweight Factor, we have
arbitrarily chosen to interpret higher values of this factor as greater reasons for
accepting the excessive inconsistency.

The components of the formula are discussed in

the following paragraphs, and we give practical bounds in Table 5.5.
We have placed n,, the number of sibling indicators in the comparison group,
in the numerator of Equation 5.5.

The reason may be intuitive:

the more sibling

indicators considered in the pairwise comparison process, the more likely intransitivity
in judgments is to occur.

Thus, with more siblings in the decision, we increase the

tolerance for inconsistency.
We have placed the Consistency Ratio (CR) in the denominator.

This allows

lesser degrees of inconsistency to drive the value higher, increasing favor toward
accepting the degree of inconsistency.

Table 5.5. Practical Bounds on Components of the Lightweight Factor.

Component |
Nn,

Bound
Commentary
[3, 9] | In-keeping with practical sibling group sizes.

CR

(.1, .3] | We and [Saaty 90, 94] regard a CR exceeding

.3 to be

unacceptable. Less than .1 is de facto acceptable.
[.2, 1.5] | Values exceeding 1.5 indicate a relatively critical indicator.
Less than .2 is considered de facto negligible.
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Figure 5.9. Lightweight Factor Values (n, = 3).

The quantity n,w,

is the algebraic equivalent of the ratio of the weight of the

parent indicator to its expected weight, (1/n,).
critically weighted the parent indicator is.

The smaller this quantity is, the less

Thus the less critical becomes the

consistency of the judgments pertaining to its children indicators in the hierarchy.
In light of the immediate foregoing and Table 5.5, we now examine the
associated aggregate bounds on the Lightweight Factor.

Using the most desirable,

median, and least desirable values from the bounds, we respectively obtain (450, 41,

8).

Note that

from the above discussion, the most desirable bound for n, is 9 instead

of 3, and the median values are respectively (6, 0.2, 0.725).
The function representing the Lightweight Factor grows rapidly as the
individual components approach the most favorable values.

Figures 5.9-5.11 depict

several graphs representing the Lightweight Factor over ranges of component values.
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The reader may note the prominent spike in the graphs as the parent weight
ratio approaches a minimum value.

Also evident from the graphs is the nearly flat

region as both the x and y axes approach their least desirable values.

Appreciating

these two regions of the graphs, we can now provide an interpretation of the
Lightweight Factor to establish a minimum threshold for accepting inconsistency.
select as a threshold the value 45, approximately the median value.

We

Above this

threshold, a decision to accept inconsistency can be made without significant
consequence, since each contributing factor would be on the more favorable end of its
respective bound.
5.3.4.2

Determining and Adjusting the Source(s) of Inconsistency
In this section we treat cases where the consistency ratio was below 0.3 (the

highest value considered by the Lightweight Factor approach) but the Lightweight
Factor is below the threshold we have established.

In these cases, there may be a

prominent occurrence of inconsistency or intransitivity among one or more pairs of
indicators, which may have been overlooked when a large sibling group was being
compared pairwise.

Lightweight Factor

Lightweight Factor

by Consistency Ratio and Parent Weight Ratio
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One relatively simple method for detecting a possible source of inconsistency is
by simple visual inspection.

This technique is only recommended when no AHP

software tool is available (e.g., when only a spreadsheet or calculator is available).

In

this technique, an analyst "eyeballs" the relative consistency of a matrix entry a, by
multiplying two entries a,* a,;.

An entry a, which is considerably different from one

or more of its constituent products is a good candidate for re-evaluation.
Obviously, there can be as many as n-1 such products for each entry.
However,

since judgment matrices with a moderate to low n, are more likely to have

unacceptable LF values than highly populated sibling groups, this visual checkup can
be performed relatively painlessly, or assisted by a spreadsheet or pocket calculator.
An additional method, usable on most spreadsheets is a variation of a matrix
multiplication technique, multiplying the judgment matrix by itself.

The task is

conducted by taking the row*column element-wise product as usual, but instead of
summing them, take a mean (or maximum) value.

A comparison of this value to

position a, in the judgment matrix reveals which entries depart the most from
"expected" (average or best case) consistency.
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More complex mathematical procedures exist.

Several sources are referenced in

Section 5.2 which describe techniques for pinpointing the chief instances of preferential
intransitivity [Dadkah and Zahedi 93; Salo 93; Wedley 93; Harker 87b; Blankmeyer
97].

The details of these techniques are beyond the scope of this document, and the

reader is referred to the respective sources.

However, we outline the technique of

[Dadkah and Zahedi 93], since it is illustrative of the type of matrix algebra required.
The basic technique requires the left and right eigenvectors associated with A,,,,,

the eigenvalue of the complete judgment matrix.

The iterative procedure takes the

derivative of the judgment matrix with respect to each entry according to Equation 5.6.

(5.6)

5K, _ ViU,-U,V,Q;
} Aj

where
*

A,
ai
ay ?
u
Vv
vi

vu

.

1s
is
is
is
is
is

.

.

.

the maximum eigenvalue for the matrix A
a position in the matrix A
the square of the reciprocal of the value of position aj,
the right eigenvector for matrix A [i (j) is the ith (jth) position]
the left eigenvector for matrix A [i (j) is the ith (jth) position]
the transpose of the left eigenvector.

In lieu of applying Equation 5.6 to all a, an alternative is to take the derivative
with respect to only a select subset of "suspect" entries.

Suspect entries are those

whose values appear grossly inconsistent, even by visual inspection (or by using a
technique as described above).
After applying Equation 5.6 to some or all of the entries in the judgment
matrix, the ones with the largest departures from zero are the best candidates for
change.

If the derivative with respect to element a; is positive, a reduction in value is

recommended.

If the derivative is negative, an increase to the element is called for.

either case, the reciprocal value in position a, must be changed accordingly.
several or all changes may be made during a

single iteration of this process.
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In

Note that

This process is intended to be iterative, leading to a re-examination of matrix
consistency after each iteration until consistency becomes acceptable.

Note that for

most accurate results, the eigenvalue and eigenvectors of the revised judgment matrix
should be recomputed before each subsequent iteration.
Finally, we recommend the simplest method, making use of software tools

developed by others, e.g., the tool Expert Choice.

This tool automatically pinpoints

the top several candidates for comparison adjustment, and recommends an appropriate
value [Saaty 93].

However,

as the authors of the tools point out, no pairwise

comparison should be changed simply for the sake of improved consistency.

The

identification of gross intransitivities and recommendations for consistency
improvement must be weighed against the experience of the evaluators who made the
original pairwise comparisons.

We reiterate that preferences need not be perfectly

consistent.

5.3.4.3

Reassessing Consistency for an Indicator Sibling Group
In some cases, the process of making pairwise comparisons among an indicator

sibling group may need to be reaccomplished entirely.

This is most likely to be the

case when:
e

gross inconsistency has been realized, or

e

poor agreement can be reached regarding either:

(1) which original comparisons to revise or

(ii) to what value they should be revised.

We propose in Section 5.3.1.1 two preliminary exercises which should
minimize the likelihood of these conditions being prominent in a set of comparisons.
In the event that consistency problems remain, we recommend two approaches, both
facilitated by Expert Choice.

The first approach involves simply reordering the

indicators in the judgment matrix to stimulate a new line of thinking.
technique involves "what-if" analysis.

The second

Especially when using an AHP-based tool,

tuning one or more comparisons and allowing the software to quickly recompute
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weights and consistency may indicate a flaw in the original application of the pairwise
comparison procedure.
5.3.5

Adjusting for Inconsistency in the Example Hierarchy
For our example hierarchy, and from Figures 5.4-5.8, we obtain the weights,

consistencies, parent information, and Lightweight Factor (LF) values in Table 5.6.
Notice that two of the most highly weighted indicators (Defendability and Threat
Detectabilty) have LF values falling below the threshold of 45.
right on the threshold and is considered acceptable.

Maneuverability is

For illustrative purposes, we

address only Threat Detectability, since it has the lowest LF value.
The judgment matrix for Threat Detectability is provided in Figure 5.12.

We

employ first the "eyeball" method then the matrix multiplication method to determine a
likely candidate for reconsideration of the comparison value.

By visual inspection, we

can detect apparent logical inconsistencies with regard to the comparisons among
ELECTSNS,

OPTICSNS, and INFRASNS.

INFRASNS are of egual importance.
of ELECTSNS to these two.

We indicate that OPTICSNS and

The inconsistency comes in with the comparison

ELECTSNS

is judged to be strongly to very strongly

more important than OPTICSNS, but equally as important as INFRASNS.

A

reasonable correction would be to reconsider the relationship between OPTICSNS and
INFRASNS,

both.

since in no other comparisons are other indicators preferred the same to

In fact, INFRASNS is judged to be moderately more important than

ACOUTSNS,

and ACOUTSNS

is judged to be equally important as OPTICSNS.

Table 5.6. Lightweight Factors for Example Hierarchy.

Indicator
Stealthability

n,

|CR
|n, |w,
{LF
5} 0.008)
5) 0.055) 2273

Maneuverability

6; 0.166}

5)

Threat
Detectability

4) 0.116}

5) 0.321)

Defendability
Recoverability

3} 0.139)
5} 0.027)
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0.16)

35) 0.17)
5) 0.293)

45

25
126
21

OPTICSNS
1
1
6
1

OPTICSNS
INFRASNS
ELECTSNS
ACOUTSNS

INFRASNS
1
1
1
.333

ELECTSNS
.166
1
1
.200

ACOUTSNS
1
3
3
1

Figure 5.12. Complete Judgment Matrix for Threat Detectability.

We take a conservative approach to adjustment and alter the judgments to reflect
that INFRASNS is closer to moderately more important than OPTICSNS.

This gives a

value of 0.5 in position (2,1) and reciprocally a value of 2 in position (1,2).

The

resulting inconsistency ratio recomputes to 0.04, which is satisfactory.
Employing the matrix multiplication technique, we observe slightly different but
similar results.

Application of the multiplication and mean process yields the

differences matrix in Figure 5.13.

The entries in the figure represent the difference

between the mean of the products from the multiplication operation and the original
judgments.

Using this technique, we find three top candidate matrix entries.

THREATDT
OPTICSNS
INFRASNS
ELECTSNS
ACOUTSNS
Figure 5.13.

(3,2) is the highest.

|OPTICSNS

2.04
2.75
-0.50
1.88

|INFRASNS

0.62
1.33
3.08
1.13

|ELECTSNS

Position

= |ACOUTSNS
1.22
2.29
1.09
1.00
2.84
0.75
1.02
2.13

Differences between Mean of Consistent Entries and Original Entries
in the Threat Detectability Judgment Matrix.

The next one, in position (3,3), must be discounted since the

original entry must be 1.

Our "eyeballed" selection in position (2,1) is next.

Notice that the ELECTSNS vs. INFRASNS comparison is a key offender, just
as we show earlier.

Increasing the original value in (3,2) to 2 (position (2,3) becomes

0.5) reduces the inconsistency to .06, which is good, but not as good as the results of
our original reduction effort.

In either case, the original judgments have merely been

refined, not fundamentally changed.

Consequently, we can proceed with assurance that

our original assessments of relative importance have not been compromised for the
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sake of achieving numerical consistency.

Incidentally, independently using the Expert

Choice tool, we found that the judgment in position (2,1) was the most likely candidate
for improved consistency.

Expert Choice recommends a value of 4.3 for the position

which would generate CR of 0.011.

We caution that this adjusted value improves

consistency, but may no longer reflect the true opinion of the evaluators.

5.3.6

Completing the Example
Finally, we tune the original judgments as needed to reduce inconsistency.

For

the Threat Detectability judgment matrix, we make changes according to the inspection
method as discussed above.
in position (1,2) to 0.5.

We set entry in position (2,1) to 2 and the reciprocal entry

The resultant CR is 0.04 and the weights of the indicators are

changed as depicted in Table 5.7.
DSRESPTM

For Defendability, we reduce the entry for

(response time) versus DSDESTRC

(1,2) to 4, ((2,1) becomes 0.25).

(destructive capability) in position

The result is a new CR of 0.09.

changes in indicator weights are presented in Table 5.8.

The resultant

Notice that the differences are

not significant, lending credibility to the result of Apostolou and Hassell [93].
Table 5.7. Changes in Weights for Threat Detectability Sibling Group.
Original
Adjusted

OPTICSNS
0.138
0.109

INFRASNS
0.278
0.319

ELECTSNS
0.485
0.473

ACOUTSNS
0.099
0.100

Table 5.8. Changes in Weights for Defendability Sibling Group.

Original
Adjusted

DSRESPTM |
0.726
0.699

DSDESTRC | DSAMMOSP
0.212
0.062
0.237
0.064

We turn now to steps 8-10 of Saaty's AHP technique.

We find these steps to be

essentially inapplicable for our purposes for the following reasons.
computation of the consistency of the entire hierarchy.

Step 8 calls for the

In applications of the AHP

where the element priorities are the entire basis for decision making, this step may be
essential.

In our methodology, the priorities obtained from the AHP are
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complementary to the indicator scores themselves.
computation of hierarchical consistency.

Thus, we do not require

Step 9, which

calls for adjustments for

hierarchical inconsistency, subsequently does not apply.
Step 10 calls for the computation of global weights of criticality for individual
indicators.

Since our methodology requires weighting and scoring of indicators only

with respect to the "local" sibling group and immediate parent(s), we have no
requirement for these values.

5.4.

ALTERNATIVE WEIGHT DETERMINATION METHODS
In Sections 5.2 and 5.3, we detail and demonstrate the steps of the AHP.

We

recognize that numerous means of arriving at relative criticality weights exist that have
been used in practice.

We briefly introduce some techniques from the literature which

do not involve pairwise comparisons.

We include these techniques only for

completeness of the discussion of indicator weighting.

In so doing, we forego any

details, but point the reader to instructive references.
Keeney and Raiffa [89, 93] offer a lottery method relying similarly on human
judgments, but more greatly reflecting the conscious tradeoff process involved.

It

involves a series of "what-if" questions, with the objective of establishing a weight for
one entity at which the entity is equally preferable to an existing one.
employed with an illustrative example in [Thurston 91].

The technique is

In some indicator groups

where pairwise comparisons pose a particular problem due to company politics or
otherwise, we recommend this technique as an alternative.

We note, however,

it is not

as well suited for group judgments as the AHP.
A second technique stems from the application of neural networks.

Neural

networks are a popular development for use in high-speed computing environments for
highly specialized applications, (e.g., pattern recognition and process control software).
Key to employing neural networks is determining relative criticalities among the
attributes of an input which allow it to be classified as one of many types of known
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entities.

The training of a network results in a finely tuned set of weights for a

collection of sibling nodes.

Excellent tutorials on the subject are provided in [Klir and

Yuan 95; von Altrock 95].

5.5.

SUMMARY
In view of our taking note of alternative weighting techniques, we conclude this

chapter with a summary of the aspects of the AHP which make it our primary
weighting procedure.

The widespread applicability of the AHP supports a solid case

for AHP as an appropriate process for assigning weights to both quantitative and
qualitative indicators.

We punctuate the salient features of the AHP which make it our

choice.
As with the structuring of the hierarchy(ies) of indicators, the assignment of
weights to indicators also reflects the evaluators’ understanding of the intensity of
relationships among them.

Additionally, in an indicator-based evaluation such as ours,

patterned after the utility theory, the criticality of the weighting aspect is obvious — it
is one of the two key multiplicands in the formula.

In view of the importance of the

evaluation phases in the life of a complex system and its design, our specifications for

le
oD
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our weighting scheme provide:
Simplicity of a data input

Traceability of data inputs and user motivation for data inputs

Capability of the scheme to allow human judgments as inputs
Adaptability of the scheme to tolerate absence of judgments
Robustness of the scheme to tolerate inconsistency in human judgment
Capability in the scheme to feedback a measure of consistency to the user
Flexibility of the scheme to allow for consistency adjustment
Capability of the scheme to provide guidance for improving consistency
Extendibility of the scheme to the domain of complex system design evaluation
Maturity of the scheme as tested, proven, and dependable in practical applications
Widespread acceptability of the scheme evidenced by the references in the
literature
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In what follows, we recount the AHP

features which provide assurance that the

AHP satisfies the characteristics listed above.

Input of judgments while employing the

AHP requires only simple, pairwise comparisons, relative to a (typically 1-9) ratio
scale.

Contrast this to the brute force technique of heuristically assigning weights to an

entire collection of indicators simultaneously.
Final weightings are traceable from the judgment input matrices.

The matrices

are prepared manually as judgments are made by evaluators, or prepared dynamically
by AHP software, if such a tool is used.

The tool Expert Choice, prompts users for

input using verbal, numerical, or interrogative techniques.

With the inputs, it

constructs the matrices and stores them for analysis, comparison, and printing.
Additionally, Expert Choice provides the capability for users to input notes for the
rationale behind a particular comparison.
We address the reality of the O(n’) number of pairwise comparisons which
could be required by the AHP.

However, we note the contributions of, e.g., Dadkhah

and Zahedi [93], DeTurck [87], Harker [87a, 87b], and Wedley [93], which indicate
that satisfactory consistency can be achieved with high assurance in ()(n) comparisons.
These extensions to the AHP allow for missing judgments under certain restrictions as

discussed earlier.

Additionally, extensions such as these provide evidence of the tried

and proven nature of the process.

Each extension increases the reliability of the

process, and increases the scope of scenarios in which it can be applied.
Ensuring robustness of a process to tolerate the inherent inconsistency in human
judgment yet produce reliable results is a non-trivial task.

The original AHP with its

extensions over the years has essentially accomplished the task, though at a cost of
computational complexity.

Given the critical nature of the routine operation of

complex systems, the cost is certainly justified.

In ensuring reliable performance in the

presence of human inconsistency, the AHP has been extended to incorporate methods
for pinpointing sources of inconsistency.

Extensions also provide guidance for
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converging to an acceptable consistency [Dadkhah and Zahedi 93; Wedley 93; Wedley,
et al. 93}.
The applicability of the AHP to complex system design evaluation is evidenced
by numerous sources as we reference in the literature review of Chapter 2. The
maturity of the AHP is evidenced by the plethora of references in the literature which
either demonstrate its application or suggest improvements or extensions.

We see these

numerous augmentations not as evidence of flaws in the original process, but as fires of
refinement, tuning the process for a wide range of reliable application.

Finally, the

multiplicity of references in the literature describing application of the AHP satisfy our
requirement that the process is widely accepted.

For examples of its application

outside the realm of complex systems, see e.g., [Banai-Kashani 89; Dimenna 89;
Masuda 90; Peterson 84; Shields 86; Srinivasan and Bolster 90; Wang and Raz 91;

Weiss 87; Yan and Svedberg 91, and Zahedi 90].
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6. ASSIGNING INDICATOR SCORES
6.1.

INTRODUCTION

In Chapter 4, we describe methods pertaining to the construction of a hierarchy of
complex system design quality indicators. Within indicator sibling groups in the
hierarchy, indicators are assigned a weight of criticality.

Weights are determined using

the Analytic Hierarchy Process, as we describe in Chapter 5. In the present phase of the
methodology, indicators are ultimately assigned a score in the range [0,100].

The score

represents an objective or subjective measure of the goodness of the design quality
represented by the indicator, and respective of the applicable system requirements.
In this chapter, we address assigning scores to the base-level indicators in the
hierarchy, and ultimately determining an aggregate score for the entire hierarchy.

More

specifically, we describe methods for determining scores based on metrics, technical and
operational domain expert knowledge, and experimentation with simulation models.

In

the process of indicator scoring, we may require knowledge of the evaluator emphasis
coefficients and the sibling group(s) in which an indicator falls. For the score
aggregation process, we require the weights of criticality, determined by techniques in
Chapter 5.
The chapter is organized as follows:

Section 6.2 describes the process of selecting

and applying metrics as a basis for indicator scores.

Sections 6.3 and 6.4 describe the

process of applying subjective expert knowledge from technical and operational domain
experts, respectively.

Section 6.5 describes the application of the results of dynamic

modeling of system behavior to scoring applicable design quality indicators.

Section 6.6

describes the process of aggregating indicator scores to arrive at a score for the entire
hierarchy.

Section 6.7 provides a chapter summary and draws appropriate conclusions.

146

6.2.

SCORES BASED ON METRICS
A metric as defined herein has a discrete value, and is either directly observed or

measured, looked up in a table, or computed by one or more formulae.

Example

indicators whose scores can be based on metrics include those listed below.

There are

many others.
e software design structural complexity
e hardware component heat tolerance (using known components)
e task complexity

° cost

e
e
e
e
e
e
e
e

hardware connectivity
documentation readability
human-hardware control panel layout complexity
operator visual acuity or hearing ability
information security classification
operator intelligence quotient
I/O data transfer rate (using known components)
communications bandwidth (using known components)

6.2.1

Determining When to Apply Metrics
In short, a metric should be applied as an objective basis for indicator scoring

whenever a reliable, traceable, replicable, appropriate one is known.

Since metrics

abound in the literature, in proprietary in-house collections, and in central metric sites, the
critical task becomes one of selecting the metric(s) to use, once one or more candidate
metrics have been found.

In this section, we describe sources for metrics, and address the

issue of metric appropriateness.
6.2.1.1

Sources of Metrics
In general, the task of selecting one or more metrics to be used in assigning an

indicator score is straightforward.

In many cases, the task is as simple as finding an

appropriate metric from the literature. The well-studied Henry and Kafura information
flow metric for software design structural complexity falls in this category [Henry and
Kafura 81,84].

However, as we describe below, there are caveats which pertain to metric

shopping in the literature, especially, but to metrics from other sources as well.
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An alternative method of metric selection is a search of an in-house or central
database of metrics appropriate for a particular system design indicator.

One such

database is the MIST database in use by the Naval Surface Warfare Center, Dahlgren
Division.

The MIST database is based on the System Design Factors collection of

Ngyuen and Howell [94] and contains metrics applicable to various phases of system
design evaluation.

The present work is one part of a larger effort to provide a

circumscribing framework for the use of design evaluation indicators such as in MIST.!
6.2.1.2

Metric Appropriateness
Regardless of the source of a metric, the issue of appropriateness must be a

consideration.

We have not found in the literature an explicit set of criteria for metric

appropriateness, but Shepperd [89], Courtney and Gustafson [93], and Kitchenham, ef al.
[94], and Zage, et al. [95] present related works.

We believe guidelines for assessing

metric appropriateness are a necessary component of a methodology which employs

metrics.

The attributes in Table 6.1 must be considered when selecting a metric as a

basis for indicator scoring.
Table 6.1. Metric Acceptability Attributes.
Attribute
Widespread support in the literature

e
e
e

e
Credibility of linear correlations
Design life cycle phase appropriateness
Ease/Accuracy of input parameter
collection
Computational efficiency

e
e
e
e
e

Stability

e

Domain applicability

e

Explanation
Demonstrated by application with credible results.
Extensions or improvements offered.
Not mathematically disproven or contradicted.

No underlying assumptions invalidated.

No "shotgun correlations."
Applicable to design, process, or product stage?
Use of automated data collection.
Use of structured, traceable manual data collection.
Can be computed/derived with in-house, even desktop
resources.
Metric results do not show wide variance with small
changes to input parameters.
Avoids inefficable crossover of metric from one wellstudied domain to another, to which the metric is not
as readily or credibly applicable.

' The KBESD tool described in Chapter 4 is a complement to such an indicator database. It

facilitates the computation of aggregate indicator scores while employing a rule base for knowledge-based
evaluation guidance.
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One metric quality attribute of particular concern is credibility of linear
correlations, which can be gauged by the degree of use of so called "shotgun
correlations" described in [Courtney and Gustafson 93]. The authors express concern

regarding the proliferation of new metrics based on linear correlations between software
design elements and future life cycle phases of the software project, e.g., source code
maintainability.

Their objective is to identify elements of any study proffering a metric,

in which more statistics than statistical understanding has been applied.

In general, the

following characterize a study which has made use of shotgun correlations:

e

Small sample size relative to the number of parameters considered
Hypothesis not explicitly stated
Forces linear correlation coefficients
Experiment involves many aspects of the software project
Preliminary ideas about what may be found exist, but are not stated in a manner that
matches the statistical tests conducted
Insufficient demonstration of independence among independent variables
Correlates as many measures as possible against one or more dependent variables
Outlier removal without satisfactory explanation of their existence

6.2.1.3

Choosing from Among Similar Metrics
In some cases, multiple appropriate metrics are available for measuring the same

design quality attribute. An example indicator is software design structure complexity,
for which numerous metrics have been published.

Examples we have found include those

of Chen and Lu [93], Shepperd [89], Card and Agresti [88], Henry and Kafura [81, 84],
Yin and Winchester [78], and McCabe [76]. Given that these and certainly more exist,
how can a single software design complexity indicator be assigned a value? Clearly the
individual measures of design complexity can contribute to the final value for the
software design complexity indicator.

But how is it done?

We first recommend a screening of the individual metrics with respect to the
quality attribute list in Table 6.1. Particular attention should be given to the life cycle
phase appropriateness and domain applicability.

Weeding out metrics through these

filters would prevent the generally inconclusive results from "combining apples and
oranges"

or "driving a nail with a socket wrench."
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Second, with a suite of metrics which are all considered appropriate, another issue
to consider is when one metric is subsumed by another, by nature of extension or

improvement.

For example, the information flow metric of Shepperd [89] is offered as an

improvement on the information flow metric of Henry and Kafura.

Before evaluators can

proceed with the application of one or more metrics to the assignment of an indicator's

score, they must decide which (all, some, or one) best represents the design quality
attribute measured by the indicator.
On what bases can evaluators make such a decision?
guidelines.

We propose some

The best line of attack is a search for metrics employed in similar operational

scenarios cited in case studies from the literature. These case studies may indicate the
suitability of a particular metric for the given system design.

If no relevant case studies

exist, data availability for metric computation may drive the decision.

For example, the

availability of design module fan-in and fan-out counts may make an information flowbased metric appealing.

In still other cases, the internal policy of the organization may

dictate the metric(s) to be used.

In any case, the best information available should be

reviewed and discussed by expert evaluators from the applicable domain.

Subsequently,

the results of the discussion are factored into the selection of one or a combination of
metrics.

6.2.2

Mapping Metric Scores to Indicator Scores
Pursuant to determining that an indicator can be assessed by one or more

appropriate metrics, the task requires generating a function to map the native metric
score(s) to the uniform score range [0,100].

We address subjects of mapping a single

indicator or a collection of indicators in this section.

6.2.2.1

Determining a Mapping Function
Once evaluators have determined a metric is applicable and appropriate as a basis

for the value of an indicator, the metric's raw or native score must be mapped into the
range [0,100].

The mapping requires first that the best and worst possible values for the
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metric's native range of values be determined.
the low end of the range.

In some cases the "best" value may be on

In other cases, the "best" value may be on the high end.

We

can handle either case. Additionally, if the best (or worst) value appears in the middle of
the native score range, as with a trapezoidal score distribution, the least and greatest
bounds for the best (or worst) value must also be defined as shown in Table 6.2.
The second piece of information required for the mapping relates to the variability
of native scores for the metric.

In particular, mapping native scores to the range [0,100]

requires that we know how the desirability of native scores varies from the worst case to
the best case, or vice-versa.

By desirability we mean the following: are higher or lower

native scores more desirable, and how does the desirability vary as the score varies over
the range? In the general case, the most desirable scores map to 100 and the least
desirable scores map to zero. The case for desirably low scores is also easily handled
Some common score desirability functions vary linearly, logarithmically,
trapezoidally, or triangularly.

Other possibilities exist. Mapping functions for each of

these score types are presented in Table 6.2. Note that in each case, the most desirable
scores are near the upper end of the native range.

The functions presented in the table can

easily be manipulated to depict scores on the low end of the native range as more
desirable.

For example, if most desirable scores fall on the low end, the linear line in

Table 6.2 (linear case) would be drawn from 100 at a, to 0 at b.
We now briefly describe the graphs as depicted in Table 6.2. In the linear case, a
unit increment in score is equally desirable over the entire native range.

In the triangular

case, the most desirable scores are found away from the endpoints of the range.

The

trapezoidal case is a generalization of the triangular case, in which a subrange of native
scores away from the endpoints are equally desirable.

The logarithmic case accounts for

a strong bias against scores on one end of the native range.
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Table 6.2. Common Metric Native Score Mapping Functions.
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In general, it is

determined by the natural variance of possible scores from the metric itself. For example,
if the metric varies linearly with linear variances in input, then the mapping function can
be linear. If there is an optimization point or point of diminishing returns inherent in the
original metric's score range, then the triangular or trapezoidal mapping can be used.
Note also that these two functions can be used to approximate the classic bathtub
or cave score trends. As mentioned above, the logarithmic mapping function can be
selected when there is a desire to markedly discount, or accent scores from one end of the
native range. In extreme cases, an exponential mapping function may be applied.

While

we have not depicted one in Table 6.2, clearly the exponential curve (or its inverse)

would show a steep rise (or decline) on one end of the native range. As a final note, we
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point out that this mapping differs from the desirability range mapping discussed in
Chapter 4. This mapping makes scores in the [0,100] range possible, while the
desirability ranges determine which scores within [0,100] are acceptable, marginal, etc.
6.2.2.2

Combining Multiple Metrics
In some cases, an indicator can be assigned a value based on a combination of

several metrics.

In those cases, how are multiple metrics combined to give a single

normalized score? There are two general conditions in which this situation is likely to
occur.

The first case is realized when a linear” equation relates several independent

variables to a measure for a single dependent variable.

The undesirable hazards of a

shotgun correlation notwithstanding, this relation combines several metrics using
correlation coefficients.

Those coefficients are based on linear regression techniques, that

determine which of a collection of metrics account for the greatest amount of variance in
the dependent variable.

The correlation coefficients reflect the degree of impact of each

independent variable on the dependent one.
For an illustrative example, we present the design structure object class
complexity metric for an object-oriented software design, found in Chen and Lu [93].
Constituent metrics include the following, all of which are either directly computable or
scorable by a table lookup, from tables generated by the authors:
a)

b)
c)
d)

operation complexity

operation argument complexity
operation coupling
class coupling
Using linear regression, the authors derive the equation:

Class complexity =

153.95+(-0.49)at(-0.35)b+(-7.35)e+(-9.61)d, where the letters represent the
corresponding metrics from the above list. To convert this metric to an indicator, the

? We acknowledge non-linear combinations are possible, but they are encountered far less
frequently in the literature than linear metric combinations.
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range of possible (and reasonable) values for the total native score would be mapped to
the range [0,100] as in the previous section.
A second case for combined metrics occurs when several metrics are deemed
appropriate as a basis for scoring an indicator.
complexity metrics.

We list above several software design

How are these combined to give a meaningful indicator score?

To be consistent with one of the major thrusts of this work, we recommend a
weighted average technique as a primary method.

Under these circumstances, the native

score from each individual metric used would be mapped to [0,100] and then weights of
preference attached to each converted score. For example, using either the Analytic
Hierarchy Process or another prioritizing method, evaluators determine the preference for
each metric on which the score is to be based.

We suggest the acceptability criteria

described in Table 6.1 as the basis for prioritizing each metric. After a priority has been
established, the weights must be normalized so that they sum to unity.

The final score

assigned to the indicator is then the weighted sum of the individual metrics’ converted
SCOres.

6.2.3

Combining Scores from Multiple Evaluators
Based on the techniques described in the previous sections, combining scores

from multiple evaluators is straightforward.

We describe two cases. In the first, all

evaluators are computing the same metric. In the second case, different metrics may be
used.

6.2.3.1

Using Identical Metrics
One would normally expect that owing to the computable, traceable, replicable

nature of metrics, all evaluators computing the same metric should arrive at the same
score. However, using again the Chen and Lu [93, p. 233] metric as a case in point, when
there are-subjective elements involved, differences in inputs to the metric's linear
combination equation are possible.

For example, the "operation complexity" metric listed
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Table 6.3. Example Subjective Metric Component:
Operation Complexity Value.
Rating
Complexity Value
Null
0
Very Low
1-10
Low
11-20

Nominal
High

21-40
41-60

Extra High

81-100

Very High

61-80

as item (a) above, is not computed, but is assigned from a table based on the subjective
judgment of each evaluator.

We have reproduced the table in Table 6.3 for reference.

From the table and the governing regression equation, it is evident that differences
in evaluator's assessment of Operation Complexity could result in different values for the
metric, class complexity.

In these cases, the combination technique is similar to that for

different metrics used by the same evaluator.

That is, using evaluator emphasis

coefficients (Chapter 4), the weighted arithmetic mean of the native metric value is taken.
This value is then mapped to the range [0,100] using whatever mapping function has been
selected as appropriate.
6.2.3.2

Using Different Metrics
We now consider the case where experts in a particular domain employ different

metrics in assigning a value to an indicator.

Whether an individual evaluator uses one or

multiple metrics is irrelevant. If an evaluator employs multiple metrics, then the
techniques described in Section 6.2.2, "Combining Multiple Metrics," are to be used.
The result is a mapping of the scores to the range [0,100].

If an evaluator uses only a

single metric, it is simply mapped to the standard range as before.

For either case, as in

the previous section, evaluator emphasis coefficients are applied as weights associated
with each evaluator's resultant mapped score. The weighted mean of the scores from each
evaluator is taken, and the final score results.
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6.3.

SCORES BASED ON TECHNICAL

DOMAIN EXPERT JUDGMENT

In this section, we provide procedures for the application of technical domain
expert knowledge to the assignment of a score for an indicator.

We discuss determining

applicability of this method for a given indicator, conducting judgment-based scoring
through interval mathematics techniques, and incorporating the judgments of multiple
experts.

6.3.1

Determining When to Apply Technical Domain Expert Knowledge
We describe in Chapters 3 and 4 circumstances under which technical domain

expert judgment is a valid source for indicator score assignment.

Example indicator

categories include those within a technical domain (e.g., human-software interaction)
whose names contain "degree of...," "acceptability of...," or similar expressions.
cases, even indicators with these names are not at the base level of a hierarchy.

In some
In these

instances, they have been decomposed into subindicators which can be scored based on
objective means, as in the previous sections.

The indicators relevant to this chapter are

those base-level indicators requiring an expert's subjective assessment of degree or
acceptability of a design aspect measured by a qualitative indicator.
The chief determinant, then, for basing an indicator score on subjective expert
judgment is the absence of any applicable objective basis. This may seem obvious.
However, a primary goal for this methodology is credibility of the proposed indicator
assessment techniques.

To that end, we offer the following as a primary guideline for

assigning any indicator score based solely on expert judgment:
All reasonable and credible objective means of indicator score assignment
should be considered and found inadequate before appreciable
subjectivity is introduced into the evaluation process.
Subjectivity reduces traceability, replicability, and verifiability.

It is only to the

extent that these properties can be reasonably retained throughout the methodology that
subjectivity is tolerated.

We facilitate retention of these properties through automation,
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on-line documentation of indicator assessment rationale, and knowledge-based checks for
consistency, sensibility, and appropriateness of indicator scores (Chapter 7).
It is not our intention to overstate the obvious with the foregoing declarations.
Instead, given the composition and intended operational natures of the systems whose
designs will be evaluated by this methodology, we desire only to punctuate the evaluative
quality assurances inherent in the methodology.
6.3.2

Applying Technical Expert Knowledge to Score Assignment
The general procedure for applying technical domain expert knowledge to design

quality indicators requires the direct assignment of a reasonably narrow interval of values
within the standard range. A single value is simply too precise to be believable.

To

understand why interval scores are necessary, consider the subjective assignment of an
integer score, x, from the range [0,100].

Such an assignment begs the questions, "on

what basis is an assignment of x instead of x-1 to be preferred?
Indeed, why not x + 1, even x +k?"

What about x+1?

Naturally, then, the quest for a more believable,

acceptable score evolves into intervals.

For some value, k, an interval is perceived as

possessing inherently greater mathematical or believability.

The next logical question is

then, how big is k?
Out of a possible range of [0,100], interval score assignments of x + 5 reflect a
relatively high-level of certainty of the "degree of..." or "acceptability of..." the particular
quality measured by the indicator.

This is essentially the same as assigning an integer

value from a range of [0,10]. In the literature, discussions abound regarding how
precisely a person can discern a distinction between items.

Saaty's research in applying

the AHP arrived at nine (9) items as a reasonable upper bound [Saaty 80].
We believe technical domain experts conducting design evaluation possess
knowledge enough to discern differences of at least one in ten. We acknowledge such
scores are acceptable only when assigned by evaluators who possess a great deal of
knowledge and experience in the technical subdomain.
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We propose a brief, reasonable

list of factors to consider when gauging an acceptable interval width for subjective
scoring.

e

the "measurability" inherent in the design quality represented by the indicator
the global weight of the indicator (product of local weights of ancestry)
the relative weight of the indicator (local weight times number in sibling group)
a large number of encounters with the indicator or design quality to compare with
partial objective bases, such as number, presence, or absence of other quality
indicators
operational or mission-specific conditions under which the design quality is evaluated

Intuitively, the precision of a score interval should be consistent with the degree
of satisfaction of the above criteria, and others. Rules in the knowledge base are to be
created by technical experts to define guidance for assigning meaningful, believable,
interval scores.

The rules may relate interval widths, upper and lower bounds, etc., with

respect to these and similar criteria. Such rules may be specific to an entire subdomain or
an individual indicator.

These rules are applied to give feedback regarding the credibility

of indicator scores. This aspect of the evaluation is described in Chapter 7.
We have not explicitly incorporated the characteristic score desirability regions in
a discussion of assigning indicator scores.
reasons:

We have not done so for the following

(1) it is our intention in this scoring scenario that evaluators make a subjective

assessment of the indicator's value on its own merit, and explicitly reckon with its
desirability later in the evaluation; (2) since the evaluators are also contributors to the
definition of the regions, they are already aware of at least the approximate range bounds.
In sum, we desire that each indicator be assigned an interval score derived solely from
expertise-based judgment, and without reference to a previously established bound
denoting score desirability.
6.3.3

Combining Scores from Multiple Evaluators
In this section, we provide procedures for combining interval scores from several

evaluators.

We require the evaluator emphasis coefficients described in Chapter 4. We

address combining scores where both an upper bound and lower bound are provided by
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all evaluators, as well as the case when only a single bound can be provided by one or
more evaluators.

6.3.3.1

Scores with Completely Specified Intervals

The procedure for combining interval scores is an adaptation of the techniques
used for metrics-based scores. That is, we take a weighted arithmetic mean of the
individual interval low end or high end scores using the evaluator emphasis coefficients
as weights.

The arithmetic is an extension of standard interval mathematics found in

[Klir and Yuan 95]. The weighted arithmetic mean for interval values for an indicator, i,
is as in Equation 6.1,

Sw

iF
where:
n:
lig:
Uj:
w,:

Sy.

(6.1)

iF

number of evaluators who assign an interval score to the indicator;
the lower bound of the interval from evaluator j for indicator i;
the upper bound of the interval from evaluator 7 for indicator j;
the evaluator emphasis coefficient for evaluator j for indicator i.
We now provide an example.

Consider the intervals represented by line segments

in Figure 6.1. The lower and upper bounds on the interval are positioned above the
respective line segment ends.

Each interval is assigned by a different evaluator.

The

evaluator emphasis coefficient for the evaluator appears in parentheses to the left of each
interval. The weighted mean interval score is computed using Equation 6.1 as follows
and appears in a darker tone at the bottom of the figure.
[(0.25*60+0.37*65+0.18*61+0.20*65), (0.25*80+0.37*75+0.18*72+0.20*84)]
=[63.03,77.51].
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Figure 6.1. Weighted Arithmetic Mean of Interval Scores..

6.3.3.2

Scores with Incompletely Specified Intervals

Complete intervals need to be assigned by the evaluators. Our procedure is robust
enough to handle the case where one or more evaluators are able to give only an upper or
lower bound, but not the complete interval. For example, suppose the fourth evaluator
offers only a lower bound of 65, and not the upper bound of 84 as depicted in Figure 6.1.
The mean interval would be computed as in Equation 6.1, but with n=4 for the lower
bound, and n=3 for the upper bound.

However, now the emphasis coefficients no longer

sum to unity.
There are several means to adjust the emphasis coefficients.

Using the AHP, we

would require a re-assessment of the pairwise comparisons for each remaining evaluator.
The comparisons would, of course, be with respect to the original criteria used to

determine the current emphasis coefficients.

However, there are drawbacks to this

method.
The literature on the AHP describes the phenomenon of "rank reversal" which can
occur when a member is added or subtracted to a set of elements.

Rank reversal implies,

e.g., that if evaluator A had the highest emphasis coefficient originally, another evaluator,
say, B, could be computed to have the highest coefficient after evaluator D has been
removed.

Debate continues regarding the likelihood and consequences of this

phenomenon.

The discussions in [Forman 93; Saaty and Vargas 84] provide

mathematical explanations and counter scenarios.
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As a final point, in the event an

evaluator is added to the group, re-accomplishing the pairwise comparisons is required.
If there is the removal of an evaluator, we offer a shortcut approximation to the exact
solution.
For quick and practical application, we propose an intuitive and much more
simple adjustment process.

In the simple method, we normalize the coefficients of the

remaining evaluators with respect to the sum of their coefficients. In this example the
sum is 0.80. Normalizing each remaining evaluator's coefficient with respect to the sum
yields, 0.25/0.80 = 0.31, 0.37/0.80 = 0.46, and 0.18/0.80 = 0.23.

sum to unity as expected and required.

These new coefficients

Using them to compute a new upper bound, we

get a value of approximately 76.
The new upper bound is down from the original mean of 78. This is not
surprising, since evaluator 4's original upper bound was higher than 78, and has now
essentially been given a weight of zero. Also, evaluator 2's upper bound was less than 78,
and now receives an increased emphasis coefficient in determining the new mean.

The

net result is a reduced upper bound on the interval. The mean lower bound remains the
same.
At this point in the scoring process, the assigned indicator score would remain an

interval. The procedure for collapsing the interval to obtain a discrete value is discussed
in the score aggregation section, Section 6.6.
6.4.

SCORES

BASED ON OPERATIONAL

DOMAIN EXPERT JUDGMENT

Many similarities exist in the application of operational domain expert knowledge
and technical domain expert knowledge.

In this section we take advantage of existing

similarities and replace redundant explanations with references to the previous
discussion.

However, there are some aspects of applying operational domain expert

judgment which are distinct from the previous technique.
differences clear.
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As applicable, we make the

6.4.1

Determining When to Apply Operational Domain Expert Knowledge

Similarly to the guidelines regarding the application of technical domain expert
knowledge, operational domain expert judgment should be directly applied only after
more objective means have been exhausted.

Also, the kinds of indicators which are

scored based solely on operational expert judgment include those containing "degree
of..." and "acceptability of...," as before.

The need which remains, then, is a means of

discriminating between a requirement for knowledge from technical domain or
operational domain experts.
We preface a discussion of the distinctions between what is "technical domain
expert knowledge" and what is "operational domain expert knowledge" with the caveat
that the distinction is not in all cases a solid line. It does not require much of a stretch
into either the memory or imagination to conceive of an aerospace engineer becoming an
astronaut.

This one person, by nature of background and occupation, becomes both a

technical domain expert in aerospace engineering, and an operational domain expert in
the navigation and/or piloting of space vehicles.

Consequently, an evaluation for an

indicator from this person may be of either type of expert knowledge.

In sum, the search

for distinctions between the two types of knowledge need not necessarily be exhaustive
nor exclusionary.
There are some attributes of an indicator which do make it a high-probability
candidate for operational domain expertise-based evaluation.

Perhaps a key distinction

which can be drawn involves the depth to which a technical domain-based indicator is
embedded in a particular operational mission.

For example, a clinical psychologist can be

expected to know a great deal about the effects of an individual's personality traits on his
or her ability to perform team-oriented tasks. This is essentially single-domain expertise.
In contrast, one would more likely require the judgment of a career NASA behavioral
psychologist, a “shipboard shrink," or a career industrial psychologist to evaluate some of
the mission impacts of human-human, human-machine, and human-software
characteristics of a complex system design. Again, the distinguishing characteristic is the
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degree to which technical domain expertise is embedded into a particular operational
mission.
Another distinction is the precision with which qualitative judgments can be made
and accepted as meaningful.

To draw this point, we briefly review a similar discussion

from Section 6.3 regarding this topic. As an example, one may expect an expert software
engineer to know with appreciable precision the "acceptability of module cohesion."
Such an assessment would be based on experiences with numerous software systems.
The expert may take into consideration, e.g., the maintainability of code with a given
degree of module cohesion.

A sizable experience base would allow for (mental or literal)

relative comparisons to previously encountered designs.

These comparisons could be

expected to yield a credible assessment in the form of an interval of 10 points out of a
hundred.
In contrast, it is not so reasonable to expect that even a veteran industrial
psychologist could assign a score of , e.g., [65,75], as a meaningful measure of the
"acceptability of operator endurance demands,” especially where unique operational
scenarios are expected. There are fewer case studies on the basis of which to make a
comparison, or fewer related indicators whose presence or absence could serve as guides
in subjectively assigning a score.
Still, operational domain expertise is essential to complex system design

evaluation.

In complex system design evaluation, we encounter a subset of indicators for

which only a career of operational mission experiences can provide any meaningful
measure of quality, acceptability, degree, etc. And that measurement must be mapped to
a quantitative form for use in the methodology.

We show in the next section how this

characteristic, i.e., the relative imprecision of operational domain expert knowledge
impacts the scoring procedure for this category of indicators
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6.4.2

Applying Operational Expert Knowledge to Score Assignment
The general procedure for applying operational domain expertise-based

knowledge to assigning indicator scoring differs from that used for technical domain

expert knowledge. Application of operational domain knowledge more directly applies
fuzzy mathematical techniques.

In saying that, we note that interval mathematics as

applied in Section 6.3 is a form of fuzzy mathematics.
introduce the application of fuzzy linguistic terms.

However, in this section we

Evaluators assign scores as terms

instead of explicit numerical intervals.
6.4.2.1

A Quick Review of Fuzzy Concepts
We begin with a brief review of the basic concepts.

Greater detail is provided in

the literature survey of Chapter 2, and the overview of Chapter 3. A linguistic term isa
word which stands for an interval of values, such as the terms "rejection" or "excellent"
which we use to represent the desirability of a range of indicator scores. In the fuzzy
mathematical literature, a fuzzy linguistic term represents a fuzzy set. Associated with a
fuzzy set is a collection of members of the set and a measure of their degree of
membership in the set. Membership ranges from [0,1] where 0 indicates an element is
absolutely not in the set and 1 indicates that an element is absolutely, completely in the
set.
Consider the fuzzy set of "days of the weekend."

The elements "Saturday" and

"Sunday" have a membership of 1. "Wednesday" has a membership of 0. "Monday,"
"Tuesday," "Thursday," and "Friday" have a membership in the range [0,1]. Table 6.4
depicts a membership distribution for those who like to start the weekend early.
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6.4.2.2

Deriving Membership Functions for Fuzzy Linguistic Terms
Now, how do we apply fuzzy linguistic terms to scoring operational domain-

related indicators? We can make almost direct use at this point of the subintervals
established during the indicator definition phase, described in Chapter 4. We refer to
these intervals as characteristic regions, representing the desirability of a given score.
Evaluators establish these subintervals in the range [0,100] to represent the bounds for a
"rejection" score, "acceptable score,” etc. These terms can now be used to characterize an
indicator's qualitative value based on the desirability of the assessed score.

In this way,

evaluators avoid directly assigning an actual subrange of values.
We discuss in Section 6.4.1 the inamenability of operational domain expert
knowledge-based scores to relatively narrow numerical ranges.

To make use of the

labeled, pre-defined numerical subranges defined in Chapter 4, we must convert them to
fuzzy linguistic sets. Mathematically, a fuzzy membership function for each
characteristic subrange is required to define the membership of each value from [0,100]
included in a fuzzy subrange.

We offer an implementation method which is easy on the

evaluators, and takes advantage of work already done.
To streamline the process, we make use of the intervals established during the
indicator identification phase.

We "fuzzify" the existing intervals by a given factor, 5. 6

is derived from the appropriate degree of fuzzification based on, e.g., the operational

scenario.

To arrive at 5, we choose a fuzzification percentage, v, of the total range width,

e.g., 15 percent.

Then, 6 is computed as in Equation 6.2.

Equations 6.3-6.5 can then be

Table 6.4. Membership of Days of the Week in the
Fuzzy Set ''Days of the Weekend."
Day
Membership
Monday
0.4
Tuesday
0.2
Wednesday
0
Thursday
0.6
Friday
0.8
Saturday
1.0
Sunday
1.0
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used to generate the membership function for a fuzzification of any interval [a,b] using 56.
where v is a percentage determined by the evaluating organization.

For an intermediate

interval, as in Figure 6.2, whose upper and lower tail are not coincident with the extremes

8 =v(b—a)

(6.2)

of the overall score range, membership is computed as in Equation 6.3.
x-(a—-5)

35.”

membership(x) = w(x) =

a-d<x<a+d

41;

(6.3)

at+é<x<b-5

(O+0)— x,

b-8

26

<x <b+6

For the lowest interval, e.g., "rejection," whose low end, a, is coincident with the lowest

end of the overall score range, as in Figure 6.3, the expression becomes:

1;

a<x<b-6

membership(x) = w(x) = 4 (b +8) ~Xx

-

(6.4)

b-8 <x<b48

For the highest interval, e.g., "exceptional," whose upper end, 5, is coincident with the
highest end of the overall score range, as in Figure 6.4, the expression becomes:
,
membership(x) = u(x) =

x= (470).
26
1;

(6.5)

a-8<x<a+td
at+é<x<b

The effects of fuzzification of an interior, lower, and upper interval by application
of Equations 6.3-6.5, respectively, are depicted in Figures 6.2-6.4. As an example,
H(x}=1

mes

a-5

a

1

atd

b-5

b

b+d

Figure 6.2. Effect of Internal Interval Fuzzification by 5.

consider the score desirability subranges for a given indicator.

For illustrative purposes,

let the original region boundaries be as depicted in Table 6.5, column 2. Using v=0.15,
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H(x)=1

U(x)=0

a0

IH (x)=0

bib

_b-8

:

a

a-6

ard

Figure 6.4. Fuzzification of
Highest Subrange.

Figure 6.3. Fuzzification of
Lowest Subrange.

b=100

and Equations 6.2-6.5, the 6's to be applied are listed in column 3. Column 4 shows the
new range boundaries.

The resultant fuzzy linguistic membership graphs are shown in

Figure 6.5.
In Figure 6.5, the top graph is the membership graph for the original ranges.
Originally, every entry within the bounds of an interval has a membership of 1. That is, a

score of 2 is equally as much a "reject" score as is a score of 19. After the fuzzification
process, memberships vary within the regions, as depicted in the bottom graph in the
figure.

For example, the membership of 2 in "reject" is still 1, but the membership of 19

is now 0.67. Also, as a consequence of interval overlap, a score of 19 now has a
membership of 0.33 in the "marginal" region.

The knowledge base described in Chapter

7 makes use of memberships in multiple regions as a means of advising evaluators on

Hx)=1

|

W(x)=0
[

0

rejection

20
]{

:

marginal

Original

40
][

7

75

acceptable

ll

excellent

Fuzzified

.)=0
wx

|

XX

35.5

K

43

71.25

79.5

Figure 6.5. Fuzzification of Indicator Score Desirability Ranges.
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100

]

Table 6.5. Fuzzification of Characteristic Subranges.
Linguistic Term
Original Range
5
New Range
rejection
[0,20]
3
[0,23]

marginal

(20,40]

acceptable
excellent

(40,75]
(75,100]

3

4.5
3.75

[17,43]

[36, 80]
[71,100]

interpreting the evaluation results.
6.4.2.3

Assigning Fuzzy Linguistic Scores
The background provided in the previous two subsections makes the mechanics of

actually assigning scores relatively simple.

The critical parts are the determination of the

characteristic subranges and the assessment of the goodness of the quality measured by
the indicator.

The first task is accomplished in the conduct of the identification of

indicators, early in the design evaluation process.

The second task requires the judgment,

heuristics, opinion, and expertise gained during a career of operational domain
experiences.
Mechanically, at this point, the evaluators need only assess and record the "score"
for an indicator.

The score for an indicator of the type addressed in this section is the

degree of attainment, by the design aspect being evaluated, of the characteristic
represented by the indicator.

In the case of an indicator for which lower scores are more

desirable, the score represents the degree of avoidance, by the design aspect being
evaluated, of the characteristic represented by the indicator.
After the degree of attainment (or avoidance) has been assessed, it is associated
with an appropriate linguistic term, e.g., "acceptable," and entered into the KBESD. The

KBESD handles the mathematics of membership computation and several knowledgebased interpretations of the score.
6.4.3

Combining Scores from Multiple Experts

We mention at the start of Section 6.4 that similarities exist between some aspects
of scoring by technical domain knowledge and scoring by operational domain knowledge.
The score combination technique is the most similar aspect. In short, we follow Equation
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6.1. What difference there is, arises due to the relatively larger interval widths associated
with the fuzzy linguistic terms.

Recall in the technique of Section 6.3, evaluators assign

relatively narrow intervals, with great opportunity for overlap among them.

Each interval

could be individually defined by each expert. However, in dealing with pre-established
linguistic intervals, the assigned score ranges are fixed, thus demonstrate little overlap,
and are relatively wide.

As a consequence, the aggregate interval can be quite wide.

This is most obvious when among a group of experts, the same indicator's score is
represented by more than two linguistic terms. As an example, consider an indicator
whose degree of attainment of the property it measures is determined by four experts as
depicted in Table 6.6. The figures in the table are based on the contents of Figure 6.5 and

Table 6.5. Applying Equation 6.1 to the last column in the table, the averaged interval is
[37, 75], with the results rounded to the nearest integer.
The resultant range is quite wide, spanning nearly 40 units. This is a consequence

of the imprecision with which the scores of this type of indicator can be meaningfully ©
assigned.

Ultimately, this is a consequence of the subjective nature of the design aspects

measured by the indicators scored in this manner.

6.5.

SCORES BASED ON SIMULATION OF SYSTEM BEHAVIOR
Simulation of any system relies on a representative and accurate model of the

system or problem being studied [Balci and Nance 85, 87]. A model is a representation
of the system of interest. In complex system design evaluation, we deal with systems of a
very large scale, diverse composition, and critical operational nature.

Simulation of the

dynamic, operationally-dependent behaviors of the system allows evaluators to assess
indicators relating to system behavioral and performance requirements.
Table 6.6. Values for Combination of Fuzzy Linguistic Ranges.
Evaluator | Emphasis | Score
[RangeMin, RangeMax]
A

0.25

B

0.37

Marginal

Acceptable

[36, 80]

Cc
D

0.18
0.20

Acceptable
Excellent

[36, 80]
[71, 100]
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[17, 43]

6.5.1

Determining When to Apply Simulation
Indicators whose scores must be based on simulation are those which measure

dynamic, operationally-dependent, scenario-based aspects of the designed system.

These

are system aspects which cannot be measured statically by examining the applicable
portions of the design.

Simulations of system behavior under varying operational

scenarios must be used to gauge a design's probability of meeting system operational
requirements.
To capture complex interplay between humans and system components in various
operational scenarios, we move into an arena not far removed from wargaming.

In these

scenarios, the simulation model represents the behavior of the system hardware and
software.

Realistically modeling human logic and behavior, especially under time-

critical, high-threat scenarios, requires sophistication not yet achievable by models.

The

entire field of human workload modeling is dedicated to this very task [Armando and
Bagnara 92; Ballas et al. 92; Hollnagel 92; Lee and Moray 92; O'Hara and Hall 92; Rueb
et al. 92; Sarno and Wickens 92; Ujita 92; Whitaker et al. 92; Peters 91; Becker et al. 91;

Blackman 91; Lemay and Comstock 90; Stassen et al. 90; Weisgerber and Kibbe 90;
Woods 90; Zinser and Hinneman 88].

To build in dynamic realism, the human element is

incorporated live, in real-time, as a physical man-in-the-loop.
To gain usable results, we require networks of models, even geographically

distributed models [Nance and Page 94]. An example system design aspect which
requires this level of dynamic modeling would include the design's accounting for the
survivability of the designed system, e.g., a seagoing vessel.

Such a system must operate

in numerous environmental conditions, in peace time, under attack by any number of
weapon system, with dynamically varying resource availabilities, in a range of
operational scenarios from dry-docked to sinking in flames.

A complex hierarchy of

models can be created to represent system behavior combinations at different levels,
including the status of the structural hardware, software, communications, manpower, etc.
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In sum, in comparison with other modeling techniques, simulation is the only
solution methodology which enables us to model a complex system design at any level of
detail desired.

Examples of dynamic aspects of system behavior which require

simulation as a basis for assessment of design quality are included in Figure 6.6.
e

military vehicle (or system) mission success capability affected by:
e
personnel availability/attrition (natural and through failure-event loss)
personnel skill level (learning curve due to experience, task dynamics)
personnel performance affected by task duration, mental stress, fatigue
superstructure integrity/survivability under various damage conditions

superstructure integrity/survivability under various environmental conditions

communications reliability (clarity, veracity, security level enforcement)
logistical support/resupply under various hostile scenarios

system on-site maintainability (personnel, equipment, backups)
system survivability probabilities according to:
e

e

system cloaking capability
e
adaptability to dynamically varying visual environments

e

adaptability to dynamically varying acoustic environments

e

simultaneous intruder tracking (computer resource limitation)

e

propulsion capability/degradation

e

e
adaptability to dynamically varying thermal contrast environments
e
adaptability to dynamically varying electromagnetic environments
defensive systems capability

e

e
dynamic and real time threat detection, discernment, and prioritizing
e
counter-threat ordnance re-supply (scenario dependent)
system maneuverability (varies by operational status)

e
climb/dive capability/degradation
e
turn/stop capability/degradation
e
maximum sustained speed/maximum acceleration
operator performance (e.g., in a nuclear power plant control room) affected by:
e
dynamic task loads due to operational mode (system start up, shut down, steady state)

dynamic task loads due to operational scenario (low manpower, core breach, toxic spill)

e¢

operator experience level (varies with personnel turnover)
operator management style (dynamically varying according to task/scenario)
human-software interface configuration/complexity
human-hardware interface configuration/complexity
variations in operator trust of automated system operation
inter-operator dynamics/communications/distractions
e
variations in on-line or on-site job aid quality
communications and computer system performance affected by:

dynamic resource availability (destroyed, damaged, in maintenance, incompatible)

dynamic variances in availability of and demands for power supply
bandwidth capacity requirements varying by resource availability
bandwidth capacity demands varying by operational scenario (emergency, idle)

information retrieval response time varying by system load and operational mode

dynamic requirements for communications security according to operational scenario
Figure 6.6. Example Design Aspects Requiring Simulation.
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6.5.2

Mapping Simulation Results to Indicator Scores
To incorporate simulation of system behavior into the design evaluation

methodology, numerous simulation runs under a suite of operational scenarios, resource
allotments, etc. are run.

The results of experimentation with simulation models, aside

from the visual animations of system behavior, may represent any of the following, in
addition to others:
response times
thresholds
break-even points
throughputs
bottlenecks
resource utilizations
resource availabilities
resource drains
process starvations
durations
single occurrences
While the results may represent many quantities, as above, in general they take
one of relatively few forms.

For example, the numerical output from experimentation

with a simulation model may be discrete values (i.e., maximum, minimum, average,
variance), probability distributions, or confidence intervals. Regardless of the native
form on which they are produced, the results must be mapped to indicator scores in the

standard range [0,100].

Simulation results can be mapped through a hybrid method,

taking direct advantage of numerical results, yet requiring subjective interpretation by
experts regarding the meaning, consequences, and acceptability of interval values.

In this

section, we describe a procedure for mapping simulation results to indicator scores.
6.5.2.1

Using Discrete Results from Simulation to Score Indicators
We describe in Section 6.2 the procedure for applying discrete values obtained

from metrics to design quality indicator scoring.

We provide several example mapping

functions from a native range of computable scores to the range [0,100].

In some cases,

the possible range for a value obtained through simulation is known or can be computed.
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For example, the theoretical maximum utilization of a communications network can be
computed using well-studied techniques, such as in [Bertsekas and Galagher 92].
Simulation results for minimum, mean, and maximum achievable values will fall within
this theoretical range.

For simulation-derived values of this nature, the same mapping

technique as for metric-based scores can be applied to map values from the theoretical (or
realizable) range [a, b] to [0,100].

The reader is referred to Section 6.2.2 for details.

In other cases, a discrete value can be obtained through simulation, but a
theoretical range of values 1s either incalculable or impractical for use, e.g., [0, 00]. In
these cases, the expert evaluators with knowledge relating to the system characteristic
being simulated use their judgment as a base in assigning a score. The value assigned

would be either an interval value, applying the techniques from Section 6.3, or a
linguistic value, applying the techniques from Section 6.4. The discriminating factors
would be the same as discussed in Section 6.4. That is, whether or not a relatively narrow
score interval is believable, and what size experience base can be used for comparison.
6.5.2.2

Using Interval Results from Simulation to Score Indicators
Common simulation results are an interval of values centered on an estimated

mean value.

We refer to the interval mean value as pL, and the interval extends 7 units to

either side of 1.

We use the symbol n to refer to the interval "half-width."

interval encompasses the values [u—n, +n].

Thus, the

Associated with each interval is a

confidence level, which expresses the probability that the actual mean value falls within
the interval. As depicted in Figure 6.7, the higher the confidence level, the wider the
confidence interval, and hence the wider is the interval. For example, a 95% confidence
interval encompasses more possible values for the actual value, than does a 90%
confidence interval. Put another way, one can intuitively be more certain that the true
estimated value lies in a wider range, than in a more narrow range.
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Figure 6.7. Relationship of Confidence Interval Width to Confidence Level.

Based on the simulation results, evaluators must select the confidence interval
which, in their expert judgment, best represents the range of actual values which the
system as designed could be expected to exhibit if developed.

Contemporary statistical

analysis texts, e.g., [Ott 93], recommend a confidence level in the range [.90, .95].
Confidence levels lower than 90% decrease the interval of possible values in which the
true mean may be found.

This increases the probability of assuming the true mean is not

within the interval when it actually is. This is referred to in statistical analysis as a Type |
error. On the other hand, confidence levels higher than 95% increase the interval of
possible values in which the true mean may be found.

This increases the probability of

selecting a value in the interval which is not representative of the true mean.

This is

referred to in statistical analysis as a Type II error. To decrease the probability of
committing either type of errors, it is recommended that confidence intervals be
constructed with between 90% and 95% confidence level.
To determine the confidence interval to use, evaluators must consider that

confidence intervals are arrived at by experimentation with a complex simulation model.
Associated with the experimentations are possibly wide input variations due to numerous
possible operational scenarios.

Input data may be of course resolution.

system component interaction may be over- or underestimated.

The degree of

These factors weigh

significantly in the selection of a confidence interval. Expert evaluator judgment is thus
critical to the selection of a realistic interval.
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With the appropriate confidence interval (CI) selected, we require a mapping from
scores within the CI to the standard range, [0,100].
desirability of the score.

The mapped value represents the

Score desirability is based on the proximity of the score to

thresholds established in the system requirements specification. In the absence of a value
explicitly specified in the requirements, a value derived from other specific requirements
may be used.

In the event this value is infeasible to obtain, we must rely on the judgment

of appropriate experts, who offer a most desirable value (or interval). Hereafter, we will
refer to the most desirable value(s) as the requirement.

The desirability function then

determines the acceptability of estimated values with respect to the requirement.
To effect the mapping, we construct or derive a function which maps any value to
the range [0,100].

In this case, we choose 100 to be the most desirable score, and zero to

be the least desirable.

The reverse situation is easily accommodated.

The desirability

function should map to a score of 100, any value which meets or surpasses the
requirement.

Scores which do not meet the requirement are mapped to a value less than

100, according to the mapping function. An example of several mapping functions (a-d)
centered on a requirement 1” is depicted in Figure 6.8. Notice that depending on the
mapping function employed, the mapped value for a single point in the interval can vary
widely (see the solid dot in the figure). This places particular significance on the
mapping function used. Note that functions based on intervals or one-tailed intervals
may also be used.

Examples of these function types are presented in Figures 6.9-6.11.

100

Alternative

Mapping Curves

75
50
25
0

|

[H*—n

H*+n]

Figure 6.8. Example Score Mappings Curves for Confidence Intervals.
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We pictorially illustrate how mapping functions are used in Figures 6.9-6.11.

In

the figures, we overlay different mapping function forms with a hypothetical CI,
[u—n,u+n].

In each figure, the bounds of the CI are not coincident with the bounds of the

requirement-based mapping function. Each figure depicts an offset, 6, of the estimated
mean, floor, or ceiling from the required value.

This is why a mapping is needed.

In

practice we may not expect the design to yield values exactly as specified in the
requirements.

However, we still require a means of arriving at a score in [0,100] for

every score in the estimated interval. We show in Section 6.6 how depending on the
evaluation posture taken, any value in the CI may be selected as the assumed true value.
In Figure 6.9, a trapezoidal function is shown.

A trapezoidal mapping is needed

when the requirement calls for an interval of most desirable values, centered on a mean
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Figure 6.9. Example Trapezoidal Mapping Function.

value.

Values outside the ideal interval are accepted with reduced desirability, as

reflected in the slope of the trapezoid's legs. For the CI shown, the upper bound of the
interval maps to a desirability score of near 50. The mean maps to a value near 90, and
the lower bound to zero. By inspection, values just above the interval median map to the
most desirable scores.
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Mathematically, the mapping function for the trapezoidal map is as shown in
Equation 6.6. In the equation, we make no assumption of symmetry with regard to the
requirement function's variance about the mean.

To be as general as possible, we refer to

the four values on the abscissa which define the characteristic points of the trapezoid as a,
b, c, and d, where a<

¢<d<b.

On the abscissa, a is the lower bound, mapping to a

score of zero. Respectively, ¢ and d define the lower and upper bounds of the native
scores which map to a score of 100. The abscissa value b marks the upper bound, which

0.
100* 22,

(6.6)

CcC-@a

s(x) = 1100,

100*2—£
—-c

0,

maps to zero.

Figure 6.10 is a one-sided mapping function.

This function type is needed when

the requirement calls for a ceiling. Values below the ceiling are desirable with a score of
100. Values above the ceiling are accepted with less desirability, as depicted in the
alternative mapping curves i-iii. Also, if no value above the ceiling is acceptable, then

100
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alternative
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Figure 6.10. Ceiling Mapping Functions.
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the mapping function resembles a step function, mapping all such values to a desirability
of zero.
In Figure 6.10, the lower bound and the mean of the CI fall below the ceiling, so
they both map to a score of 100. By inspection, the upper bound of the CI maps to
desirability scores of approximately 80, 30, and 5 for alternative curves 1, ii, and iii,
respectively.

Mathematically, the mapping function for the linear case (curve 11) is shown

in Equation 6.7.

For a floor requirement, a set of example mappings are shown in Figure 6.11. In
the figure, the upper bound of the CI is above the floor, and maps to a desirability score

100,
s(x) = 100+
0,

x<a
a<x<b

(6.7)

x2b

of 100. The mean of the CI, p1, falls below the required floor. It maps to the approximate
scores, 95, 70, and 20, using the mapping curves 1, ii, and iii, respectively.

The lower

bound is below the minimum acceptable value according to any mapping shown.
maps to a score of zero. The actual mapping function for curve 11 is Equation 6.8.
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Thus, it

0,

S(x) =

x<a

100*-

_

*

100,
6.6.

6.8
(6.8)

asx<b

x2b

SCORE AGGREGATION

We now describe the process of aggregating scores assigned by the methods
described in Sections 6.2-6.5. In general, we propose taking a linear combination of the

weighted scores within an indicator sibling group. The resultant value is the aggregate
score for the parent indicator.

This method is recursed up the hierarchy to obtain an

aggregate score for the root node.

For cases where discrete scores have already been

determined, as with metric-based scores, this combination process is straightforward.
However, for interval and especially linguistic scores, the process requires additional
actions, which are addressed in subsequent sections.
Additionally, reflected in both Figure 6.12 and Equation 6.9 is the possibility that
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Figure 6.12. Aggregating Indicators through Weights and Scores.
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a given indicator may be the child of more than one parent. From the discussion in
Chapter 4 regarding the construction of the indicator hierarchy, this condition should be
common in the hierarchy.

A perhaps overlooked consequence is that an indicator is

scored only once, but it is assigned a weight for each parent.
6.6.1

Aggregating Discrete Scores
The most simple score aggregation case is for an indicator sibling group in which

each indicator has been assigned a discrete score in the range [0,100].

For "mixed"

sibling groups, a combination of the techniques discussed in this and subsequent sections

is required. From the techniques of Chapter 5, each indicator, x,, has been assigned a
weight, w(x;);, reflecting its relative priority among all siblings which are child nodes of
parent indicator /. Each indicator has also been assigned a score s(x;,) which is a measure
of its "performance" with respect to the design objectives.

The aggregation function is as

shown in Equation 6.9.

(x)= wor), 8x)
6.6.2

6.9)

Aggregating Interval Scores
In the foregoing, we describe three types of interval scores:

e
e
e

direct assignment of intervals in the range [0,100];
direct assignment of confidence intervals in the native score range; and
implicit assignment of intervals in the range [0,100] by linguistic term.

In this section, we describe an aggregation procedure for indicators of the first two types.
The aggregation of linguistic intervals is described in Section 6.6.4.
Making use of interval scores requires extracting a representative discrete value
from the interval.

This value represents the essence of the range, particular to the

evaluation posture taken by the evaluating organization.

Example postures include the

search for worst case, best case, median case, or some case in between.
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This posturing

takes the form of what-if analysis, applying the essence extraction technique in Equation
6.10. The factor k € [0,1] is a measure of the degree of conservativeness applied to
extracting the essence.

Conservativeness here implies the intention of preferring a false

rejection of a score (type I error) as opposed to a false acceptance (type II error).
essence(k,[a,b])=(1—k)a+ kb

(6.10)

For example, a value of k=0 would extract the lowest value in the range. A value
of k=1, would extract the maximum value in the range.

A value of k in between would

extract essentially a weighted average of the extremes, with weight k applied to the
maximum value, and 1-k applied to the minimum.
As an example, consider the interval scores from Figure 6.1, (p. 6-14) and
reproduced in Table 6.7. Using a range of evaluation postures, reflected as values of k,
the Table shows the corresponding weighted average interval essence scores in the last
row.

Table 6.7. Example of Weighted Average Interval Essence Extraction.
Evaluator
Emphasis

Coefficient

Lower
Bound

Upper
Bound

Essence
k=0.75 | k=0.5

k=1

k=0.25

k=0

0.25

60

80

80.00

75.00

70.00

65.00

60.00

0.37

65

75

75.00

72.50

70.00

67.50

65.00

61
65

72
84

72.00
84.00
77.51

69.25
79.25
73.89

66.50
74.50
70.27

63.75
69.75
66.65

61.00
65.00
63.03

0.18
0.20
Weighted
Average
Essence

The same essence extraction technique may also be applied to intervals which are
not yet mapped to the range [0,100].

In this case, we perform the extraction using & on

the native range of scores, i.e., the base of the native triangle when superimposed on the

"ideal range."
6.6-6.8.

We then apply an appropriate mapping function, like the one in Equations

The result is a discrete value in [0,100]. After extracting the interval essences
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appropriate to the evaluation posture, let us assume that all scores in a sibling group now

have a discrete value. The technique from Section 6.6.1 is now directly applicable. If for
some indicators this is not yet the case, then techniques discussed in subsequent sections
can be used.

6.6.3

Aggregating Linguistic Scores
The final score form which must be dealt with in the aggregation phase is the

linguistic term score. An indicator scored in this manner, e.g., as "acceptable" has
associated with it a predefined range of values.

The values were determined uniquely for

the indicator according to the process described in Chapter 4. Actual assignment of the
term(s) is discussed in Section 6.4.2.
These scores are combined exactly the same way as directly assigned intervals. A
k is selected respective of an evaluation posture.

Using k as in Equation 6.10, the interval

is collapsed to a single value (its essence) in [0,100].

The only difference here is that the

essence of the interval, while only a single value, may have a membership in two adjacent
linguistic term scores, e.g., "Marginal" and "Acceptable."
As an example, we take the fuzzified intervals from Figure 6.5 and Tables 6.5 and
6.6. The applicable contents of Tables 6.5 and 6.6 appear in the first six columns of
Table 6.8, reproduced here for reference.
in Equations 6.3-6.5, as necessary.

We also make use of the membership functions

Applying a k factor of 0.5, interval essence scores are

as in column 7 of the table. By comparison, using k = 0.1, the results in column 8 are
obtained.
First, the essence scores from k=0.5 are combined taking a weighted average,
using the evaluator emphasis coefficients.

The resultant mean interval essence is

computed as:
[(0.25*30)+(0.37*57.5)+(0.18*57.5)+(0.20*85.6)] = 56.2. From column 6 in Table 6.8,
the resultant value falls into the range "Acceptable" and no others. Using Equation 6.3,
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Table 6.8. Example of Collapsing Weighted Average Linguistic Interval Scores.
Evaluator | EEC
Score
Original
fs)
Fuzzified
Essence |
{[Min, Max]
A

0.25

Marginal

(20, 40]

B

0.37

Acceptable

(40, 75]

C

0.18

Acceptable

(40, 75]

D

0.20

Excellent

(75, 100]

Essence

[Min, Max] | (4=0.5) |
3

(4 =0.1)

(17, 43]

30

19.6

4.5 |

(5.5, 79.5]

57.5

39.9

45 |

(35.5, 79.5]

57.5

39.9

| 3.75 | (71.25, 100]

85.6

74.1

with a=36, b=80, and 6=4.5, the value 56.2 falls between at+5 (40+4.5=44.5) and b-6 (754.5=70.5).

Its membership in "Acceptable" is then 1.0, by Equation 6.5.

For comparison, we take the essence scores from column 8 of the table, where
k=0.1.

Using the same technique as above, we obtain a weighted mean essence of 41.7.

This value falls into two linguistic score ranges:

"Marginal" and "Acceptable."

To

compute the membership in each fuzzy interval, we first need to know where in each
interval the score falls. For "Marginal, "given the 6 and original bounds for each interval,
41.7 falls in the upper tail of "Marginal," between b-d5 (40-3=37) and bt 6 ( 40+3=43), so
by Equation 6.3:
UMarginal(41.7) = (43-41.7)/6 = 1.3/6 = .22.
For membership in "Acceptable," we observe 41.7 falls in the lower tail, between a-6 (404.5=35.5) and at+d (40+4.5=44.5).

Similarly, by Equation 6.3,

HAcceptable(41.7) = (41.7-35.5)/2= 5.2/6 = 0.87.
Now that we have determined the "value" of the indicator under various
evaluation postures, we need to determine how good it is. The expert evaluators are the
ones who ultimately make the decision of the score's value. We discuss a knowledgebased framework for detecting and accounting for dual-membership score in Chapter 7.
6.6.4

Aggregating All Scores in an Indicator Hierarchy
Every base-level indicator in the hierarchy is scored based on one of the score

types discussed in Sections 6.2-6.5. In sections 6.6.1-6.6.4, we describe the means of
mapping any score to a discrete value, so Equation 6.9 may be applied to yield an
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aggregate score for a parent node.

The aggregate score for the entire hierarchy can be

obtained by executing this procedure in a bottom-up fashion to the root node of the
hierarchy.
This procedure is simply the mathematical mechanics of the scoring and
aggregating process.

The interpretation of the partial and final scores is of greater

interest to design evaluation.

Intuitively, in a hierarchy of non-trivial depth, the aggregate

score at the root tends away from the maximum possible score, i.e., 100. This is clear
from the simple observance that if any of the base-level indicators is scored less than 100,
the root score could not possibly reach 100. This observation raises other issues
regarding what results of the score aggregation are practical or even attainable.
Specifically, what factors drive the maximum, minimum, median, etc. scores attainable

for the hierarchy?

Contributing factors described previously are summarized in Table

Table 6.9. Factors Affecting Aggregate Hierarchy Score.
Factor
Evaluation posture (k factor)

Evaluator emphasis weights
Individual indicator weights
Fuzzification factor

Interval score range widths

Score mapping functions
Individual discrete scores

Simulation input/output

resolution
Metric resolution

Score Aspect Affected

Maximum score from interval

Minimum score from interval
Bias direction of intermediate score from interval
Interval extremes
Discrete score arithmetic mean
Parent score arithmetic mean
Linguistic membership functions
Linguistic interval extremes
Linguistic interval overlap
Maximum possible aggregate score
Minimum possible aggregate score
Bias degree of intermediate score from interval
Bias direction and degree for discrete score from metrics
Bias direction and degree for mapped confidence intervals
Parent indicator score value
Confidence interval widths

Confidence interval mapping function widths
Measurement discriminability/sensitivity
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6.9. Their relationships are graphically depicted in Figure 6.13.
6.7.

SUMMARY

AND CONCLUSIONS

This chapter provides descriptions and examples of a suite of methods applicable
to deriving, computing, assigning, and combining scores for design quality indicators.
Specific elaborated substeps include: (1) guidelines for determining acceptability of a

metric or suite of metrics for assigning an indicator score; (2) methods for mapping native
metric scores to a standard score; (3) guidelines for determining a credible confidence
interval about simulated results as a basis for indicator scoring; (4) mapping simulation
results, both discrete scores and confidence intervals, to a standard score; (5) assigning
interval scores based on technical domain expert knowledge; (6) guidelines for
discriminating between the choice of directly assigned relatively narrow interval scores
and broader fuzzy linguistic scores; (7) creating fuzzy linguistic score intervals to serve as
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a basis for operational domain expertise-based scores; (8) combining scores from
multiple evaluators; and (9) aggregating indicator scores for an entire hierarchy.
We may draw several conclusions from the foregoing.
assigned a score of essentially any native form.

First, any indicator can be

We require only a suitable mapping

function from the native score to a form directly applicable to the methodology.

Clearly,

the precision of the mapped score is bounded from above by the precision with which a
native score can be determined.

Second, by using evaluator emphasis coefficients, scores

from multiple evaluators may be combined to yield a single, weighted average score for
an indicator.

We note, however, that individual evaluator scores are retained for further

analysis as desired.

Finally, the evaluation posture taken when aggregating scores in the

hierarchy makes an appreciable difference in the numerical outcome of the evaluation.
By varying the k factor as a reflection of conservativeness in evaluation, bounds in the
extremes of the overall score may be determined.
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7. APPLICATION OF AN EXPERT KNOWLEDGE BASE TO
DESIGN EVALUATION
7.1.

INTRODUCTION
Assessing a complex system design's potential for meeting the requirements for

which it was commissioned is the task of an independent evaluation organization.

Given

the complexity and size of such an assessment task, the organization requires a great deal
of technically specific, and yet operationally practical expertise.

To effectively apply that

expertise to the conduct of a thorough, traceable, reproducible, and credible evaluation

effort, a circumscribing evaluation framework is required. In Chapters 4-6 we describe in
detail such a framework, comprising procedures, algorithms and techniques with which to
effectively apply expertise to design evaluation.
In this chapter we present a final facet of the methodology.

It serves as the glue

that binds the procedures, algorithms and techniques into a cohesive, holistic design
evaluation methodology.

We herein describe the expert knowledge-related inputs to a

knowledge base, which is provided as a component of the Knowledge-Based Evaluation
of System Designs tool (KBESD).

The KBESD is described in Chapters 3 and 4. This

capability of the KBESD facilitates computer-assisted application of expert-generated,
evaluation-oriented knowledge.

Expertly employed, it contributes to a reliable, traceable,

credible evaluation of a complex system design.
The chapter is organized as follows.

Section 2 provides in separate major

subsections a description of the application of expert knowledge to each of the subphases
of: (1) indicator identification, (2) hierarchy construction, (3) indicator weighting, (4)
indicator scoring, and (5) score aggregation and interpretation phases, respectively.
Section 3 provides a summary of the chapter's content and draws appropriate conclusions.
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7.2. APPLYING AN EXPERT KNOWLEDGE
EVALUATION

BASE TO DESIGN

Knowledge-based assistance is applicable to the entire methodology.

In this

section we describe examples and classes of its practical use for each phase of the
methodology.
perspectives.

To add further structure, we present knowledge-base contents from two
First, we motivate and describe the types of expert knowledge applicable to

the particular phase.

In so doing, we provide and describe contents of an appropriate

expert knowledge rule base.

We present examples of knowledge base facts and rules. In

place of a specific syntax, as provided in, e.g., the Prolog rule-based language, we express
rules in plain text. We use bold, italics, and other typographical devices to provide
emphasis where needed.

The knowledge-base examples provided are not applicable to

any particular design class. They are examples and thought-provokers, intended to serve
as templates.

They are illustrative of the types of relationships which can be expressed

and applied automatically using an expert knowledge base.
Second, in less detail, we enumerate other expressions of expert knowledge, in

terms of interaction with and internal functions of the KBESD.
prompters, triggers, alerters, and informers.

They are categorized as

We borrow these terms from operating

systems terminology and adapt definitions from [Arthur, et al. 93 p. 58]. Prompters are
opportunities for and the contents of initial or responsive inputs to the KBESD.

They are

generated by the KBESD as input panels, and inputs are provided by evaluators or
knowledge-base authors.

They are primarily facts, numbers, check-box entries, textual

commentary, assertions, and rules.
on demand by the KBESD.
inferences.

7riggers are behaviors

performed automatically or

They are computations, comparisons, and knowledge-based

The results of triggers may not be revealed immediately, but may be simply

the update of an internal variable.

When immediately visible, they are referred to as

alerters. Alerters signal the user of the KBESD that undesirable conditions specified in

knowledge-base rules have occurred. Such conditions can occur as a result of user input,
knowledge-based inferencing based on user input, or the results of triggers. Finally,
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informers are our term for user query and subsequent display of KBESD contents, trigger
results, or alerters which do not signal an undesirable condition.
Taken together, the two presentations of applicable expert knowledge provide a
broad-based foundation for computer-assisted design evaluation.

They are intended to

prompt considerations and actions which ultimately enhance the results of each respective
evaluation phase, and the methodology as a whole.
7.2.1

Identification of Evaluating Panel
Facts, either simple or complex, pertaining to each expert, must be supplied

initially to the knowledge base. Example facts include the number of years each worked
in a particular technical domain.

These facts may be expressed as either numerical values

(e.g. "5 years") or as subjective ratings (e.g., "very high" job knowledge).

Rules relate

these facts, alone or in combination, to conclusions which are applicable to this
methodology phase.
7.2.1.1

Types of Knowledge Applicable to Evaluation Panel Identification
In Chapter 4 we introduce the concept of evaluator emphasis coefficients (EECs).

They are derived when deemed necessary to objectively distinguish relative expertise
among a panel of evaluators.

When needed, EECs are computed for each evaluator,

relative to the other evaluators on an individual indicator (or category) basis. In general,
each evaluator's indicator score inputs are treated equally. However, when significant
differences in expertise exist with respect to a particular indicator (or indicator class), and
the input of multiple evaluators is still desired, greater emphasis should be given to the
most qualified expert. Proportionately less emphasis is given to the others. The need for
objectivity and prudence in applying these factors cannot be over-emphasized.

See

Chapter 4 for a detailed motivation of this purely mathematical device.
When evaluator emphasis, rules in the knowledge base can be applied to ensure
the EECs are not severely disparate.

Example knowledge types are listed as bulleted

items in the remainder of this section.
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e

Expert knowledge can relate attributes of the background of an expert to acceptability
of his inclusion as an evaluator for one or more particular domain categories.
In a large evaluation organization, potentially many experts in diverse fields may

assess the value of a particular indicator.

For purposes of traceability and evaluation

results analysis, it is desirable to characterize and report the field(s) of expertise of each
evaluator, and their degree of expertise in the field. Degree of expertise can be assessed,
if only subjectively, by rating each evaluator with respect to a set of criteria. These are
the same criteria used to determine EECs, for example:

*

*

&€

&

*

total years in the field (or related field)
size of projects (lines of code, dollars, no. of components, complexity,
criticality)
years in design (as opposed to implementation, development, production,
testing)
years in development (coding, building, as opposed to design-level work)
years in design evaluation (process evaluation, design measurement)
years in product testing (code testing, hardware testing, interface evaluation)
years in project management (higher-level than just design)
thresholds for each of the attributes

Given an evaluator's rating with respect to these or similar attributes, several rulebased quality checks can be made.

For example, to characterize the expertise of each

evaluator in one or more fields, rules expressing relationships similar to the following are
appropriate:
IF for the domain under consideration, the expert's total year, project
sizes, years in development, years in design evaluation, years in product
testing, and years in project management EXCEED their respective
thresholds THEN the expert's credibility as an evaluator for the domain is
deemed exceptional.
Other rules assign lesser ratings based on lesser degrees of attainment of the
background attributes.

The attributes may be considered individually or in some

meaningful combination.

Information gained from application of these rules could allow
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reporting, by indicator, distributions of the scores offered by evaluators of each category
of expertise.

Additionally, checks can quickly be made to ensure that each evaluator who

inputs a score for an indicator possesses a minimum degree of expertise.

For example:

IF evaluator qualification for the indicator is less than acceptable, THEN
raise appropriate alert.
It is reasonable that a single evaluator could be assessed to have expertise in
several (related) domain categories, but perhaps with more or less "credibility" in each
field. In these cases, the knowledge described in this section could be used to determine
in which particular domains a given evaluator is likely to be the most valuable asset to the
evaluation project.
e

Expert knowledge can relate the evaluator emphasis coefficients (EECs) to some
minimum, maximum, or variance thresholds.

In cases where experts have widely varying expertise in a particular domain, the
EECs should vary commensurably.

However, one consequence of this is that one

evaluator could, by virtue of his/her EEC, have a dominating effect on the scoring of |
indicators.

Recall, during the indicator scoring and aggregation phase (Chapter 6), each

evaluator's EEC is applied to the score he/she assigns to the indicator, yielding a weighted

arithmetic mean score.

With widely disparate EECs, the mean score may amount to little

different from the score assigned by the single dominating evaluator.

This is not a

primary concern, since it may well be that the dominating expert really does have the
most expertise to bring to bear on a given indicator (or subdomain).

However, it does

bring into question the real contribution to the evaluation of the other evaluator's score
inputs.
A consequence of perhaps greater concern is the dwarfing of an evaluator due to a

particularly low EEC. As a consequence of a very low EEC, an evaluator's score may be
counted almost negligibly in the evaluation.

Recall, each evaluator has been selected by
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virtue of the background attributes described earlier. We desire to guard against, then, the
mitigation of his evaluative influence due to the EECs.
In either case, dominating or dwarfing, rules are needed which catch and, if

necessary, recommend steps to correct the conditions.

These rules would relate perhaps

the ratio of each evaluator's EEC to the "expected value” of the EEC, namely the default

EEC.

If an evaluator is found to have this ratio below a given value, then a dwarfing

condition may be occurring.

Ifthe ratio is above a given value, stated in the rule, then a

domination condition may be detected.

Values of each of the background attributes, the

indicator itself, or even the particular operational situation being considered, may be
included in the determination of the acceptability or resolution of a dwarfing or
dominating condition.

The ultimate objective is to incorporate the degree of input from

each evaluator which enhances the overall credibility of the evaluation.
Given the EECs and appropriate thresholds, example rules for assessing EEC
acceptability would express relationships such as:
IF the relative EEC for an evaluator is BELOW the negligibility threshold,
THEN signal an alert indicating this (dwarfing) condition exists.
IF the relative EEC for an evaluator EXCEEDS the dominating threshold,
THEN signal an alert indicating this dominating condition exists.
IF the variance (or dispersion) of EECs for all evaluators in a domain

EXCEEDS the variance threshold, THEN signal an alert indicating this
condition exists.
IF (some EEC-related violation) occurs, but (other overriding factors) are
satisfactory, THEN negate discovery of the condition and/or suppress any
otherwise applicable alerts.
7.2.1.2

Other Expressions of Knowledge Applicable to Evaluation Panel Identification
Other expressions of knowledge relevant to this phase of the methodology

include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical
computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
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conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.

Prompters

e

Input
Input
Input
Input
Input
Input
Input
Input
range
Input

domain specialties of each expert
domain background attribute criteria to be used
any weights which may be desired to distinguish between background attributes
the value or rating for the background attributes for each expert
the EECs for each evaluator in each domain (computed off-line using AHP)
a threshold for EEC dwarfing
a threshold for EEC dominating
thresholds for each of the background attributes, or desirability ratings for a
of attribute values in the vicinity of the thresholds
additional applicable rules (based on the examples given above)

Triggers
e
e
e

Computation of variance of EECs
Computation of "relative evaluator emphasis coefficient" REEC
Firing of appropriate rules (based on the rule examples described above)

Alerters
e
e
e
e

Notification
Notification
Notification
Notification

that
that
that
that

input information is incomplete for an evaluator
the EEC variance is "abnormally" high/low
an EEC dominating or dwarfing condition exists
an evaluator is not rated above a minimum threshold for the

indicator domain
Informers

Request
Request
Request
Request
7.2.2

display of all information entered for each evaluator
display of recomputed EECs given updated information
explanation of EEC "dwarfing" or "domination" alert
explanation of "EEC variance exceeds threshold" alert

Identification of Indicators

Expert knowledge in the form of facts and rules can be input into the KBESD
knowledge base and applied to this phase of the methodology.
some of the applicable knowledge types.

193

In this section we describe

7.2.2.1

Types of Knowledge Applicable to Indicator Identification
Example knowledge types are listed as bulleted items in the remainder of this

section.

e

Expert knowledge can relate distinguishing an indicator as a "design killer" to a
characterization of the operational mission of the designed system.
Individual indicator distinctives can be drawn respective of the operational

scenarios under which the indicator is being evaluated.

In the extreme case, under

particular operational scenarios, a single indicator can be considered so critical as to
"sack" the design if it is scored in its "rejection" region.

Expert knowledge is required to

make the determinations of if or when this condition is possible.

Rules in the knowledge

base expressing this relationship could be patterned after:
IF operational scenario under which design is being evaluated is
characterized as "system survival" AND (others applicable conditions) ...
THEN rejection mode of <indicator> is "design critical."
Applications of rules of this type can be seen during the score aggregation phase.
As a preview, consider the following rule:
IF indicator score has membership greater than X in its rejection region,

AND the rejection mode of the indicator is "design critical" THEN
immediately signal appropriate alert.
e

Expert knowledge can relate the operational scenario, domain dominance, or other
factors to the minimum rejection region (or other region) size for an indicator.
This knowledge type concerns the actual or relative width of the rejection (or

acceptance) regions for the score.

Expert evaluator knowledge can be converted to

knowledge base rules regarding this part of indicator identification.

The rules either

provide guidance for selecting appropriate interval widths, or for notifying evaluators that
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interval widths are inappropriate.

Factors included in the decision may include the

operational scenario, criticality of the indicator, dominance of the indicator's major
domain, or others.

Consider the case of a very critical indicator, as gauged by it's own weight, the
weight of its parent or ancestry, and the operational scenario under which the design is

being evaluated. If such an indicator has a very small rejection region, then the chances
of failing to reject the indicator's score are appreciable.

As a consequence, the false

acceptance of the design could lead to a higher than anticipated probability of disaster in
system operation.

An example rule is of the form:

IF the indicator's relative weight (local or global) exceeds (threshold)
AND operational mode is "critical" AND (other conditions) THEN
rejection region should be at least X% of the total score range.
IF the indicator's relative weight is below some threshold AND the
operational scenario is (less than "critical") THEN the minimum rejection
region is no less than Y% of the total score range. (Y<X)
IF the indicator's domain dominance factor is greater than D% THEN the
minimum rejection region size is no less than Z%. (Y<Z<X)
IF the indicator's rejection region size is below its minimum size THEN
signal appropriate alert.
7.2.2.2

Other Expressions of Knowledge Applicable to Indicator Identification
Other expressions of knowledge relevant to this phase of the methodology

include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical
computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.

Prompters

e

Input relative domination of each of the major indicator domains
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e
e

Input indicator score desirability range boundaries. Either enter the numerical values,
or select from a drop-down list of basic types, such as those in Figure 7.1.
Input applicable rules into the knowledge base (patterned after the examples provided

a.

Reject

|

Marginal

b. Reject |Marginaly
C.
d.

Reject
Reject

|Acceptable|

Excellent

Acceptable
| Marginal|
.

jExcellent
=

| 5

Equal Regions

Reject Lower Tail

Acceptable

Binary / Cut-off

| Acceptable

Accept Upper Tail

Figure 7.1. Example Score Desirability Region Distributions.

e

above)
Input characterization of the operational scenario (e.g., critical, normal, idle,
shutdown)

Triggers
e
e
e
e

Computation of widths (and relative widths) of scores desirability ranges
Comparison of relative desirability range widths to indicator relative weight
Comparison of width of "below acceptable” ranges to "design killer" factor
Firing of knowledge base rules relating to score desirability ranges, no-go region
requirement, etc.

Alerters
e

Notification that an indicator's desirability range widths are inconsistent with

e

domain dominance)
Notification that an indicator has been designated as "design critical" if rejected

conditions specified in the rules (e.g., operational scenario, indicator weight, indicator

Informers

e
e

Explanation of alerters, such as sequence of rules and conditions which triggered each
of the alerters
Display of re-evaluated results under different inputs (e.g., user responses to alerts)

7.2.3

Construction of Indicator Hierarchy
Knowledge-based entries applicable at this point in the methodology refer to

influence relationships between indicators in the hierarchy.

Recall from the methods in

Chapter 4 that the indicator hierarchy construction generally proceeds in a top-down
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fashion. A complex indicator, which is not directly scorable, is decomposed into a set of
indicators, possibly also complex.

The decomposition process proceeds depth first until

the resultant indicators are directly scorable by the methods described in Chapter 6. The
result of this decomposition process is a hierarchy, in which direct influence relationships
are established between indicators as a consequence of the decomposition.

The design

qualities measured by the subindicators collectively give a measure of the parent quality.
The extent of parent-child influence relationships are then completely defined and easily
understood.
We recognize other types of indicator influence relationships.

An example is the

general positive relationship between cost indicators and performance indicators.

That is,

the better a system is to perform, the more it costs. Relationships such as this are
observed between indicators which are not structurally related through the decomposition
process.

They are of particular importance to the design evaluation, however, since they

provide insight, guidance, and checkups which cannot be captured explicitly and
accounted for numerically in the hierarchy.
7.2.3.1

Types of Knowledge Applicable to Indicator Hierarchy Construction
In this section we discuss example rules pertinent to this design evaluation phase.

We address both structural and non-structural indicator influence relationships.

Example

knowledge types are listed as bulleted items in the remainder of this section.
e

Expert knowledge can relate attributes of non-structurally related indicators to
augment design quality evaluation.
With indicators which exhibit this type of relationship, one type of knowledge

required regards not only which indicators are related, but what aspect(s) and conditions
relate them.

That is, what does an expert know or need to know about relationships

between indicators which gives indirect insight into the value of the design.

In the

obvious case of system performance and cost, it is the requirements satisfiability score of
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the performance and the absolute value of the cost which are related.
perhaps not quite so obvious.

The distinction is,

We do not expect an influence relationship between the

cost requirements satisfiability and the performance requirements satisfiability.

If the

latter is high, then we hope the former is also high, but regardless, we should expect that
the absolute cost will be proportional to the system performance, whether the cost
satisfies our budget (i.e., requirements) or not.

Other related indicators or indicator categories are presented in Table 7.1. There
may be many and various specific relationships, depending on the components and
operational mission of the system.

We offer illustrative examples applicable to a variety

of complex systems.
Table 7.1. Examples of Non-Structural Indicator Influence Relationships.
(Degree) of Requirements Satisfiability
Related to (Degree) of Requirements
for:
Satisfiability of:
(Low) HHWI/HSI Complexity
(High) Operator Training”

(High) Computer Hardware/Software

(Reduced) Operator Reliability”

Performance

(High) System Power Supply’
(Low) Physical System Dimensions

(Low) Task/Mission Duration
Minimization
(Low) External Threat Avoidance
(High) Production Output

(Reduced) Operator Reliability”
(High) Superstructure Maintainability
(High) Logistical Support

(Low) Task Complexity

(High) Software System Response Time

(Reduced) Operator Reliability*
(High) Operator Accession

(Reduced) Operator Reliability®

(High) Decision Aid Effectiveness’

(Reduced) Software Gernericity

Expert knowledge can provide checkups regarding the acceptability of an indicator's
level of decomposition.

’ [Rouse 91].
* [Jubis 90; Woods 90a,90b; Hollnagel 92; Brown, ef al. 91; O'Hara 92; Hewett 90].

* [Rostek 94].
* [Lee 92; Muir 87].

° [Becker, et al. 91].

° [Kirkpatrick 90].
’ THallbert, et al. 92; Barnett 90; Ryder, et al. 90; Weiland et al. 92].

From Chapter 4, the result of the indicator decomposition process is a hierarchy of
indicators.

Borrowing from the family tree terminology, indicators in the hierarchy

which share the same parent indicator are called siblings. The more complex the parent
indicator, the more siblings (children) may be required to measure the design aspect
represented by the parent.

Less complex indicators may require little further

decomposition, or may be scored directly by one of the methods described in Chapter 6.

The direct consequence of this logical process is that the number of siblings from a parent
indicator should be related to the complexity of the design aspect it is identified to
measure.

.

Indicators representing very complex design aspects could be decomposed into
many siblings.

Overlooking the complexity of the design aspect measured by an

indicator could lead to too few children.

There are drawbacks to each of these conditions.

A condition of potentially too many siblings can result from the over-decomposition of a
single indicator due to: (1) the inclusion of indicators which belong in a lower level
decomposition, or (2) the inclusion of indicators which really do not relate to the parent

concept. Given that technical domain, operational domain, and systems engineering
experts perform the indicator decomposition, we expect the occurrences of the latter
situation can be considered negligible.

Situation (1) is explained pictorially in Figure

7.2.
The primary facet of the methodology where too many indicators can negatively

impact the evaluation is in the indicator weighting phase. Within a sibling group, each
indicator is assigned a weight of criticality relative to its siblings.

Chapter 5 provides a

detailed description of the application of the Analytic Hierarchy Process for determining
these weights.

As the number of siblings increases beyond five, the likelihood of

introducing inconsistency in determining the indicator weights increases.
5.3.4 for a detailed discussion of this phenomenon.

See Section

Inconsistency in weight assignments

is at best a computational annoyance, but at worst, an incorrect representation of the
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CG)

Indicator A is probably
overdecom posed

Upon re-examination, subindicators g-k
are determined to be subindicators of
an undefined subindicator g'.

After reflecting this
new decompositon,
indicator A is no longer
overdecom posed

Figure 7.2.

Detection and Resolution of Indicator Over-Decomposition.

addressing excessively large sibling groups.

We address indicator weights from a

different perspective in the next major section.
Too few sibling indicators can result primarily from failure to recognize the
complexity or immeasurability of a parent indicator. An undesirable consequence is that
not enough sub-elements of the measured quantity are considered in the determination of
the indicator's score.

This is not unlike evaluating the design of a uranium-powered

automobile according to performance, reliability, and producibility, but ignoring
supportability.

One could conclude the design is valid based on the criteria examined.

Ultimately, however, very few such cars would ever perform the operational mission for
which they were designed and produced.
Expert knowledge applied to an examination of the hierarchy can identify these
decomposition-related conditions, or the potential for them.

Catching these conditions

and either (1) applying expert knowledge to explain, accept, or dismiss them, or (2)
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and either (1) applying expert knowledge to explain, accept, or dismiss them, or (2)
forcing critical re-examination of them, can preclude potential corruption or even
invalidation of an evaluation, in part or in total. Example knowledge-base entries
applicable to this phase of design evaluation express relationships such as:
IF the number of children of an indicator is greater than (small threshold)
AND the number of children of an indicator is greater than (large
threshold), THEN the number of children are considered normal.
IF the number of children is less than (small threshold) THEN indicator is
under-decomposed.

IF the number of children is greater than (large threshold) THEN indicator
is over-decomposed.

IF indicator is over-decomposed AND any of its children indicators are
under-decomposed, THEN signal potential premature decomposition
alert.
IF indicator is under-decomposed AND any of its children indicators are
over-decomposed, THEN signal potential insufficient decomposition
alert.

7.2.3.2

Other Expressions of Knowledge Applicable to Indicator Hierarchy
Construction
Other expressions of knowledge relevant to this phase of the methodology

include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical
computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.

Prompters
Input
Input
Input
Input
Input

indicator
indicator
indicator
indicator
indicator

name
definition, source, etc.
life cycle phase
major domain(s) (hardware, software, humanware, system, etc.)
score source (metric, simulation, etc.)
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Input score-based attributes of the non-structural relationship to other indicators, such

*
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as:

proportional scores
inverse scores
score finds ceiling by other's score
score finds floor by other's score
maximum delta between scores
linguistically equal
linguistically inverse

+ similar confidence intervals
Input rules which relate non-structurally related indicators by the above attributes
Input rules which dictate non-structurally related indicator major domain
compatibility
Input thresholds for number of children (sibling) indicators (e.g., << X or > Y) or
conditions in which each condition is more or less tolerable, such as:

*
*

relative weight of parent indicator
number of siblings of parent indicator

*
*
*

indicator depth
domain dominance of indicator major domain category
whether or not an indicator is defined as a null-weight placeholder node

*

score source type

Triggers
Check for indicator cycles in the hierarchy
Check for indicator duplication by name
Check for missing indicator identification information (life cycle phase, domain
applicability)
Compare indicator major domain compatibility with parent, ancestry

Compare
indicators
Compute
Compute
Compare
By rules,

indicator major domain compatibility with non-structurally related

number of sibling indicators
indicator depth
score attributes for non-structurally related indicators
validate sibling count against applicable factors listed above

Alerters

Notification
Notification
Notification
Notification
Notification

of
of
of
of
of

missing indicator identification information
duplicate indicator name
possible cycle in hierarchy
indicator over- or under-decomposition
indicator major domain incompatibility with ancestry
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e
e
e

Notification of indicator major domain incompatibility with non-structurally related
indicators
Notification of score attribute-related violations due to non-structurally related
indicators
Notification of weight attribute-related violations due to non-structurally related
indicators

Informers
Search for and display an indicator by name
Search for and display an indicator by source
Display of non-structurally related indicators and (value of ) criteria for relationship
Explanation of conditions triggering alerts regarding indicator decomposition levels
Explanation of conditions triggering alerts regarding non-structurally related
indicators
7.2.4

Determination of Indicator Weights
As described in Chapter 5, the Analytic Hierarchy Process (AHP) requires the

direct application of expert knowledge during the pairwise comparison step. The facts
relevant to this methodology phase include the indicator weights themselves (actual and
relative), and appropriate thresholds for inconsistency, minimum and maximum weights.
Knowledge-based rules relate these facts to interpret and assess the credibility of the
resultant weights.
7.2.4.1

Types of Knowledge Applicable to Indicator Weighting
From a mathematical standpoint, the impact of the numerical indicator weights on

the results of the design evaluation is directly traceable. From a logical standpoint, the
impact is not so easily discerned, and requires expert knowledge as guidance.

In this

section we describe knowledge types which potentially improve the indicator weighting
results. We propose application of expert knowledge to both the mathematical and
logical dimensions.
e

Expert knowledge can relate degree of judgment inconsistency to sibling group size,
parent indicator weight, operational scenario, or other factors.
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The AHP provides several alternative algorithms for determining the
inconsistency of judgments as reflected in pairwise comparisons of indicators.

According

to T. L. Saaty [80, 94], who developed the AHP, an inconsistency ratio of less than 0.1 is
acceptable.

We propose in Section 5.4 a set of criteria by which we more crisply define

the acceptability of inconsistencies. We couch these and other criteria within a
knowledge-based framework for addressing acceptability of inconsistency.
Our thesis in Chapter 5 is that under special circumstances, inconsistency above
the 0.1 threshold may be tolerable, while inconsistency under 0.1 may not be. Special
circumstances include a relatively low weight of the parent of the "inconsistent" sibling
group.

This factor determines the relatively low global criticality of any child indicator,

obviating the need for concern.

Another circumstance involves the size of the sibling

group itself. If there are many indicators, then we tolerate expectedly more inconsistency
in human judgment.

Other circumstances may apply to specific indicators during the

evaluation of a specific complex system design. As illustrative examples, we propose the
following rules.
IF operational scenario is characterized as "mission critical" THEN max
desirable inconsistency ratio is (some value below 0.1) AND max
tolerable inconsistency ratio is (some delta higher than max desirable, but
less than the default).
IF inconsistency ratio is greater than (max desirable) but less than (max
tolerable) AND parent relative weight less than (min desirable), THEN
inconsistency ratio is acceptable.
IF inconsistency ratio greater than (max desirable) but less than (max
tolerable) AND number of siblings is "high," THEN inconsistency ratio is
acceptable.
IF inconsistency ratio greater than (max desirable) but less than (max
tolerable) AND number of siblings is "normal," THEN inconsistency ratio
is unacceptable with cause "relative to sibling count."
IF inconsistency ratio greater than (max desirable) but less than (max
tolerable) AND parent relative weight greater than (min desirable), THEN
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inconsistency ratio acceptability is unacceptable with cause "high parent
weight."
IF inconsistency ratio greater than (max tolerable) THEN inconsistency
ratio acceptability is unacceptable with cause "excessive inconsistency
ratio."
IF inconsistency ratio is unacceptable THEN raise appropriate alert.
e

Expert knowledge can relate acceptability of weights to the presence of a dominating
or dwarfed indicator

Even if the inconsistency ratio for an indicator sibling group is deemed acceptable
according to the foregoing rules, there are still potentially undesirable circumstances we

desire to catch. We consider the two special cases of dominating indicators, and dwarfed
indicators.

In the first case, the mathematical implication is that the score of a single

indicator essentially determines the entire aggregate score of the parent.

The logical

implication is that the dominating indicator may better serve the evaluation by being
moved out of the sibling group.

This condition may occur when an indicator is over-

decomposed (as in Figure 7.2).
In the second case, the mathematical implication is that the dwarfed indicator's
weight is negligible.

The logical implication is that the indicator may actually not be a

legitimate contributor to measuring the design quality represented by the parent.

In this

case, it should be removed from the sibling list. The remaining alternative is to reaccomplish the pairwise comparison step with more careful attention paid to the dwarfed
indicator(s).
For both conditions, expert determinations of the definitions of "dominating" and
"dwarfed" are required.

These definitions may themselves depend on the operational

scenario, the relative weight of the parent indicator, or other factors. The numerical
foundation for both concepts is the "relative" weight of an indicator.

Relative weight is

defined as the weight divided by the expected weight of the indicator. The expected
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weight is the reciprocal of the size of the sibling groups.

More details of this concept

appear in Chapter 5. Illustrative knowledge-based rules express relationships patterned
after the following:
IF an indicator's relative weight exceeds the dominating threshold, THEN
tag the indicator as dominating with probability X.
IF an indicator is dominating AND its parent indicator's relative score is
less than (threshold), THEN decrease the dominating probability to (a
lesser value than X).

IF an indicator is dominating AND its parent indicator's relative score is
greater than (threshold), THEN increase the dominating probability to (a
greater value than X).
IF an indicator's relative weight is below the dwarfing threshold, THEN
tag the indicator as dwarfed with probability X.
IF an indicator is dwarfed AND its parent indicator's relative score is less

than (threshold, e.g., 1.0), THEN decrease the dwarfed probability to (a
lesser value than X).

IF an indicator is dwarfed AND its parent indicator's relative score is
greater than (threshold, e.g., 1.0), THEN increase the dwarfed probability
to (a greater value than X).
IF an indicator is dominating with probability exceeding (threshold) then
signal potentially dominant indicator alert.

IF an indicator is potentially dwarfed with probability exceeding
(threshold) then signal potentially dwarfed indicator alert.
7.2.4.2

Other Expressions of Knowledge Applicable to Indicator Weighting
Other expressions of knowledge relevant to this phase of the methodology

include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical
computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.
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Prompters
Indicator weight with respect to each parent
Input threshold for relative weight dwarfing

Input threshold for relative weight dominance

Input rules for determining weight dominance/dwarfing
Input inconsistency ratio for sibling group
Input inconsistency acceptability threshold (overrides default)
Triggers
Computation
Comparison
Computation
Comparison
Computation
Computation

of relative weight as weight*n
of relative weight with appropriate thresholds
of inconsistency acceptability
of inconsistency acceptability with threshold
of global weight as recursive global weight of parent
of weight-related attributes of non-structurally related indicator

Alerters

e
e
e

Notification that an indicator is potentially dwarfed with a high probability
Notification that an indicator is potentially dominating with a high probability
Notification that inconsistency is unacceptable for the sibling group

Informers

Display weights for all sibling indicators
Display weights of an indicator with respect to all parents

Display relative weight of an indicator

Explanation of conditions which triggered inconsistency acceptability alert
Explanation of conditions which triggered weight dwarfing alert
Explanation of conditions which triggered weight dominance alert

Display of evaluator rationale for overriding defaults
Display of evaluator notations regarding weight inputs (facilitated by Expert Choice)
7.2.5

Determination of Indicator Scores

During this phase of the methodology, there are several areas in which expert
knowledge can be applied to enhance the credibility of the evaluation.

From the logical

perspective, the acceptability of scores with respect to tolerances, thresholds, variances,
etc., is important.

These relationships can be represented by knowledge-based rules. In

this section, we motivate knowledge-based analysis of indicator scoring for the scoring
types described in Chapter 6.
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7.2.5.1

Types of Knowledge Applicable to Metrics-Based Scoring
Expert knowledge-based reasoning, implicitly or explicitly, is involved in guiding

or evaluating the results of metric-based scoring.
types applicable to this phase of the methodology.

In this section we describe knowledge
Knowledge types are listed as bulleted

items in the remainder of this section.

e

Expert knowledge can be used to relate the applicable acceptability criteria for
discriminating between candidate metrics to the operational scenario under which an
indicator's score is to be metric-based.

When more than one metric may serve as a basis for an indicator's score, we
desire an objective approach to determining the most appropriate metric.
suggest criteria for discriminating between candidate metrics.

In Chapter 6 we

Expert knowledge of both

the metrics and the operational scenario in which the indicator is being evaluated, can be
applied to increase the credibility of the discrimination process.
We use an example to illustrate the knowledge-types applicable for discriminating
between metrics.

We take the temperature reading from a thermometer as an example

class of metric. A variety of thermometer types exist: those used in industry, cooking,
and medicine.

Thermometers of each type measure "temperature," but each are expected

to operate in a particular environment, receive inputs within a particular range, and yield

results of a particular degree of accuracy.

Though countless thermometer types exist,

every (expert) mother knows which type is most appropriate for determining the
temperature of a baby.
Operational scenario is then clearly a factor. It determines which acceptability
criteria may come into play, and possibly with what relative importance.

Consider the

“operational scenario" of encountering a child who appears to have a high fever. Ina
public school, there exists a requirement that the thermometer be sterile, germ-free,
aseptic, etc. If the available thermometer fails to meet these criteria, the thermometer 1s
not usable.

That is, this metric is unsuitable.

At home, however, no federal requirements

208

apply. A quick swipe under running tap water and a wipe on a hand towel yields a
suitable thermometer.

As for accuracy, in a hospital in a pediatric ward, digital precision

to a tenth of a degree may be required.

However, at home, if the digital thermometer has

a dead battery, the less reliable mercurial type will do.
We do not wish to take the thermometer analogy to the extreme.

However, it

serves well to illustrate the relationship of operational scenario to metric discriminability
factors.

We acknowledge a metric selection process, in whole or part, may be quite

formal, somewhat informal, or completely unnecessary.

Driving factors include the

availability of more than one applicable metric, organization policy, or expert preference.
However, under the requirement for traceability of a// decisions pertinent to design
evaluation, formalization and documentation of all but trivial decisions cannot be viewed

as superfluous.

One form formalization can take is that of production rules in a

knowledge base, as we describe throughout this chapter. Illustrative rules relevant to this
aspect of metric-based scoring include:
IF the operational scenario is characterized as "critical" THEN all metric
acceptability criteria apply with maximum emphasis factors (weights).
IF the
metric
metric
metric

operational scenario is
acceptability criterion
acceptability criterion
acceptability criterion

characterized as "cautious" THEN
1 applies with emphasis factor W, AND,
2 applies with emphasis factor W, AND, ...
N applies with emphasis factor W,,.

IF the
metric
metric
metric

operational scenario is
acceptability criterion
acceptability criterion
acceptability criterion

characterized as "routine" THEN
1 applies with emphasis factor W, AND,
2 applies with emphasis factor W, AND, ...
N applies with emphasis factor W,,

IF the operational scenario is characterized as "critical" THEN all metric
acceptability criteria must be attained by the metric with a minimum rating
of "good."
IF the operational scenario is characterized as "cautious" THEN
metric acceptability criterion 1 must be attained by the metric with a
minimum rating of (rating) AND ... (similarly for other criteria).
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e

Expert knowledge can relate the requirement for calibration, scaling, or otherwise
"fudging" a metric's native values to external factors.
The value yielded by a metric is subject to some interpretation, depending on,

e.g., the resolution of the input data. Interpretation may take the form of calibration,
scaling, adjusting, etc. Interpretation becomes important especially in the presence of
other factors, such as the gravity of the operational scenario, or presence or absence of
other (un)desirable conditions.
We take again the household thermometer reading analogy to a metric.

A

temperature taken in an adult's mouth yields an acceptability accurate measure of body
temperature.

However, in a different "operational scenario," e.g., taking the temperature

of an infant, an oral measurement is not practical. In this scenario, an underarm or rectal
reading is taken.
considered.

According to this author's pediatrician, two additional factors must be

If the skin is cold and clammy when the underarm reading is taken, an

accurate reading requires adding one degree to the measured result. If the skin is flushed,
however, one degree should be subtracted from the reading.
The point of the analogy is clear. With some metrics, the operational scenario and
presence of other factors must be taken into consideration in the interpretation of the
metric's native value.

In the cases where relevant expert knowledge can or must be made

explicit, knowledge-based facts and rules must be created by experts in the respective
indicator domains.

Applicable rules are then applied when interpreting metric-based

results in the course of a design evaluation.

Example rules may take the form of these

examples, taken directly from the thermometer analogy:
IF measurement scenario is for taking human body temperature, THEN
the measurement device should be a medical thermometer.

IF patient is an adult, THEN measurement should be taken by mouth.
IF patient is an infant, THEN measurement should be taken under the arm.
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IF body temperature is measured under the arm AND skin is clammy,
THEN add one degree to the thermometer reading.
IF body temperature is measured under the arm AND skin is flushed,
THEN subtract one degree from the thermometer reading.
e

Expert knowledge can relate the operational scenarios intended for the designed
system to the acceptability of native scores yielded by (the same or different) metrics,
and from one or more evaluators.

This knowledge-based application to the use of metrics again involves
interpretation of the metric results. It is applied to provide guidance regarding the
acceptability of the actual results yielded by the metric.
"pad?"

What metric reading is "good" or

How does the acceptability of the metric's native values vary as the reading

ranges from its worst possible to its best possible value? Experts in their respective fields
have this knowledge regarding metrics they use and operational scenarios they encounter.
Represented explicitly in a knowledge base, such knowledge can be used to enhance the
results of the design evaluation.
To illustrate, we borrow a final time from the thermometer analogy.

The metric is

"body temperature" and the measurement is obtained as degrees Fahrenheit from a
household thermometer.

An example native reading may be 101. Expert knowledge is

required to interpret this value as bad, and how bad, or good, and how good. Assuming
the reading is accurate or appropriate calibrations or adjustments have been considered,
the operational scenario may factor heavily in the reading's interpretation.

Again,

according to this author's pediatrician, if the patient is a child, a reading of 101 is
considered "elevated" but not "alarming."

considered "high" and "cause for concern."

If the patient is an adult, this temperature is

If the patient has been participating in heavy

physical activity, or recently working in a heated environment, a temperature of 101 may
be considered "normal."

If the temperature is accompanied by certain other conditions,

such as unconsciousness, etc., it may fall into yet another category.
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The point to be drawn is that links exist between factors such as the operational
scenario and the acceptability of a metric's reading.
can derive them.

Experts are aware of these links, or

The experts are then in a position to create knowledge-base entities

which are automatically incorporated in the design evaluation.

Example rules taken from

this analogy may serve as templates for similar rules.
IF measurement device is medical thermometer AND application is
measurement of human body temperature, THEN minimum expected
value is X.
IF measurement device is medical thermometer AND application is
measurement of human body temperature, THEN maximum expected
value is Y.
IF the measurement scenario involves a fevered adult AND the patient's
activity level is "any" AND temperature reading is between 98.6 and 99.5
THEN body temperature is normal and cause for concern is low.
(acceptability is high)
IF the measurement scenario involves a fevered adult AND the patient's
activity level is "low" AND temperature reading is between 99.6 and 101
THEN body temperature is elevated and cause for concern is moderate.
(acceptability is marginal)
IF the measurement scenario involves a fevered adult AND the patient's
activity level is "strenuous" AND temperature reading is between 99.6 and
101 THEN body temperature is elevated and cause for concern is low.

(acceptability is marginal)
IF the measurement scenario involves a fevered child AND the patient's
activity level is "low" AND-temperature reading 1s greater than 102 THEN
body temperature is elevated and cause for concern is high. (acceptability
is low)
7.2.5.2

Other Expressions of Knowledge Applicable to Metrics-Based Scoring
Other expressions of knowledge relevant to this phase of the methodology

include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical
computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
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conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.
Prompters

Input metric acceptability criteria
Input metric acceptability criteria threshold (in total, or per criteria)
Input scores for metric with respect to each criteria (subjective, linguistic)
Input rules for determining "acceptability" of metric with respect to how it stacks up
against the acceptability criteria (as in the examples above)
Input rules for determining [conditions for, nature of, and degree of] any [calibrations
of or adjustments to] the native metric score (as in the examples above)
Input rules for determining interpretation of the native metric score (as in the
examples above)
Input minimum expected computed value of metric
Input maximum expected computed value of metric
Input selected mapping function (from options) of native scores to [0,100]
Input native score computed by metric (or combined metric)
Input fuzzy membership functions which determine mapped score membership in one
or more desirability ranges (if desired)
Triggers
Compute metric acceptability for each of the acceptability criteria
Compare acceptability to any thresholds established for each criteria
Compute overall metric acceptability
Compare overall metric acceptability to any thresholds
By rules determine metric acceptability with respect to criteria thresholds
By rules determine metric calibration or adjustment requirements
By rules determine metric score interpretation
By rules determine metric acceptability with respect to indicator weight
Compute mapping of indicator score to [0,100]
Compute aggregate mapped score for metric if multiple evaluators have used the
metric
Compute desirability range fuzzification
Determine desirability range in which score falls
Determine membership of mapped score in fuzzy desirability ranges (if used)
By rules determine acceptability of metric desirability memberships
Alerters

Notification of unacceptability of metric based on the criteria used
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Notification of unacceptability of metric based on the operational scenario or other

specified conditions
Notification of calibrations or adjustments required/recommended for using the
metric under the operational scenario
Notification of the interpretation of the native indicator score based on the operational
scenario or other specified conditions
Notification of unacceptably high membership in a low desirability range
Notification of unacceptably low membership in a high desirability range
Informers

Display explanation of rules/facts which led to metric unacceptability alert
Display explanation of rules/facts which led to metric score desirability membership
alert
Display indicator score computed under alternative score mapping function
Display indicator memberships computed under a fuzzification factor
Search for a metric by category from a metrics database
Search for a metric by source from A metrics database
Search for a metric by date from A metrics database
Search for a metric by author from A metrics database
7.2.5.3

Types of Knowledge Applicable to Simulation-Based Scoring
Chapter 6 contains a description of the application of simulation-based modeling

to scoring system design quality indicators. A great deal of expert knowledge is applied

both explicitly and implicitly in the development and application of the simulation
models.

In this section, we motivate and illustrate by examples the types of expert

knowledge applicable to analysis and interpretation of simulation-derived measures.
Expert knowledge can relate the appropriate confidence level for a confidence interval

*¥
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about a simulated value to numerous factors including:
granularity of the input data
subjectivity/objectivity of the input data
granularity of the model
level of abstraction modeled
characterization of operational scenario(s) being modeled
probability of encountering the operational scenario(s)

Chapter 6 describes the application of confidence intervals in this methodology.
They serve as the primary means of deriving an indicator score from experimentation
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with simulation models.

In Chapter 6, we recommend a confidence level (CL) between

90% and 95%, suggesting that expert knowledge evaluation scenario drive the
determination.

In this section, we discuss the formalization of expert knowledge of

relevant factors which can be used to determining an appropriate CL.

Forcing explicit

knowledge representation prevents "gaming" to obtain a desired score. It also makes
possible the degree of decision traceability we require in the methodology.
rules of this type include the ones below.

Example

Note that these rules may become quite

complex depending on the conditions which can or must be related to determining the
appropriate confidence level.
IF the operational scenario is characterized as "normal," THEN minimum
CL is X%.

IF the operational scenario is characterized as "critical," THEN minimum
CL is Y% (Y>X).
IF the relative weight of the indicator is less than (min desirable), THEN

minimum CL is Z%.

IF the relative weight of the indicator is greater than (max desirable),
THEN minimum CL is Q% (Q>Z).
IF the subjective reliability of the input data is "low" THEN minimum CL
is V%.
IF the subjective reliability of the input data is "high" THEN minimum CL

is W% (W<V).

Other applicable types of expert knowledge are included in these general
descriptions.
e

Expert knowledge can relate the (maximum, minimum, thresholds of a) score of an
indicator to the probability of occurrence of events observed during system
simulation, such as:

*

key equipment in inoperable status
software in unreliable state
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response time from key systems

unavailability of minimum no. of operators

key (command) personnel removed from duty
throughput below a given threshold
capacity reduced to below a minimum threshold
detection of hazardous material/vapor/etc. in operational setting

Expert knowledge can relate the (maximum, minimum, thresholds of a) score of an
indicator to the duration of specific events (as above) observed during system
simulation
Expert knowledge can relate the (maximum, minimum, thresholds of a) score of an
indicator to the probability of occurrence of the duration of specific events (as above)
observed during system simulation
7.2.5.4

Other Expressions of Knowledge Applicable to Simulation-Based Scoring

Other expressions of knowledge relevant to this phase of the methodology
include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical
computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.
Prompters

e
e
e

Input simulation-derived crisp score mapping function (possibly from options)
Input rules for determining the appropriate confidence level (as described above)
Input rules for determining the acceptability of the possible range of output scores (as
described above)
Input the simulation-derived confidence interval obtained for an estimated value
Input confidence level derived by production rules (as above)
Input associated probabilities of durations of occurrence of key events such as listed
above
Input rules for determining acceptability of probability of durations of undesirable
events
Input rules for determining what probabilities of occurrences of "binary" events could
make an indicator score "rejection" or "design killer"
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Input simulated occurrences of binary events and the probabilities with which they

occur
Triggers
e
e
e
e

Convert simulated native crisp score to standard range score
Convert simulated native confidence intervals to standard interval
By rules determine the most acceptable CL based on (factors listed above)
By rules determine if durations for key events have exceeded acceptable threshold
lengths with unacceptably high probabilities
By rules determine if binary events have occurred with unacceptably high
probabilities

Alerters

Notification that selected maximum CL is inconsistent with applicable determining
factors
Notification that the probability associated with undesirable event duration is
unacceptable
Notification that the probability associated with an occurring binary event is
unacceptable

Notification that the selected CL is inconsistent with the resolution/reliability of the

data used to determine the CL
Notification that the selected CL is inconsistent with the weight (local, global, localglobal) of the indicator or its domain dominance value
Informers

Display
Display
Display
Display
Display
selected
Display
7.2.5.5

mapped score using alternative mapping function
mapped intervals using alternative CL
mapped intervals using alternative mapping function
operational scenario from which simulated results were derived
dynamic system behavior, respective of a particular simulated value at a
point in simulation
conditions and rules which triggered an undesirable event condition

Types of Knowledge Applicable to Technical Domain Knowledge-Based
Scoring
Chapter 6 describes the process of applying technical domain expertise to scoring

of design quality indicators. The general representation of such a score is an interval.
The quantitative score itself notwithstanding, there are several facets of the process of
interval scoring which involve either the explicit or implicit application of expert

knowledge.

Facets of particular interest include the absolute interval width, both for
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individual scores and in the aggregate and relative differences in interval scores from
each evaluator.

We desire formalization, representation, and computer-based application

of knowledge pertaining to each facet. These forms of expert knowledge become
significant contributors to the traceability and verifiability of the results of this portion of
the methodology.

Specific knowledge types are listed as bulleted items in the remainder

of this section.

e

Expert knowledge can relate the minimum credible interval width to factors such as:
*

*
*

"measurability” of the indicator
experience base "sample size" from which similar indicators have been
encountered by the evaluator
expertise level of the evaluator
operational scenario under which the indicator is being evaluated

In Chapter 6 we introduce the issue of credibility of a subjective interval score.
The thrust of the discussion is that as the interval score for a subjective quality

approaches zero (a discrete score), the credibility of the score diminishes. In effect, the
more subjective the design quality being measured, the less precise the score can be.

Several factors (as listed above) can be brought to bear on this issue. In fact, to some
degree, they must be brought to bear for the sake of the credibility of the evaluation.
Formalization of expert knowledge regarding interval score credibility can be represented
as (perhaps complex) rules expressing relationships as in the following examples.
IF indicator measurability is "high" AND (evaluation experience base is
"large" OR evaluator expertise is "high") THEN minimum credible
interval width = X.
IF indicator measurability is "low" AND (evaluation experience base is
"large" OR evaluator expertise is "high") THEN minimum credible
interval width > Y (Y>X).
IF operational scenario is characterized as "mission critical" AND
(permutations of values for evaluation experience base and expertise level)
THEN minimum credible interval width > (appropriate value).
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Other similar rules would broaden or possibly narrow the minimum acceptable interval.
The rules should reflect tradeoffs between the contributing factors, such as letting high
expertise override lower values of the other factors. Doing so keeps the interval
reasonably narrow.
e

Expert knowledge can determine the desirability of the dispersion or variance of the
individual interval scores.

The dispersion we refer to is the difference between the least lower bound and the
greatest upper bound of the union of the interval scores provided by a group of
evaluators.

If this dispersion is very large, especially relative to the entire possible score

range, then the essence (see Section 6.6.2) of the aggregate interval will not be very
representative of the indicator's "true" value. This is particularly true when relatively
narrow intervals which were originally assigned.

We depict possible dispersion

desirability scenarios in Table 7.2. Example rules derived from this type of expert
knowledge can be patterned after these examples:

Table 7.2.

Desirabilities of Interval Width Combinations.

Dispersion
vs.
Interval Width
Low

Interval Width
vs.
Score Range
Low

High

Low

Low

High

High

High

Graphical Representation

Desirability

High

|

:

Medium

—=——
tL

Medium

|

Low

|

IF dispersion vs. average interval width is "low" AND interval width vs.
possible score range is "low" THEN acceptability of score dispersion is
"high."

IF dispersion vs. average interval width is "low" AND interval width vs.
possible score range is "high" THEN acceptability of score dispersion is
"medium."
IF dispersion vs. average interval width is "high" AND interval width vs.
possible score range is "low" THEN acceptability of score dispersion is
"medium."
IF dispersion vs. average interval width is "high" AND interval width vs.
possible score range is "high" THEN acceptability of score dispersion is
"low."
e

Expert knowledge can be used to detect and determine the desirability of deviations
of individual interval scores from the others provided for that indicator.
In this scenario, we are interested in detecting and an interval score from an

evaluator which is deviates "significantly" from the scores from the other evaluators.

As

an example, observe in the second row of Table 7.2, the first interval score is significantly

lower than the other three scores. Making this determination is most applicable after all
scores have been entered, at which point a "deviant" score is more detectable.

Rules

based on this genre of expert knowledge need not address the numerical deviation only —

*

*

*

%€

F

they may be tempered by factors such as:
the
the
the
the
the
the

evaluator expertise or experience
local or global weight of the indicator
desirability subrange in which the worst-case essence score would fall
domain dominance of the indicator's major domain
number of evaluators scoring on the indicator
evaluator emphasis coefficient of the "deviant" evaluator

Considering these and possibly other factors, example relationships are presented below.
Evaluators populate the knowledge-base with as many as needed and conceivably more

complex versions of these illustrative examples.
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IF evaluator score deviation is less than X (value or percent) AND the
relative EEC of the evaluator is less than 1.0, THEN (take no action).
IF evaluator score deviation is greater than X AND evaluator's EEC is
greater than 1.0, THEN mark evaluator's score as potentially deviant.
IF the worst case desirability range possible due to the evaluator's score
using ak value

> (some threshold, e.g., 0.5) is less than "acceptable,"

THEN mark the evaluator's score as significantly deviant.
IF an evaluator's score is potentially deviant, THEN raise appropriate alert.
IF an evaluator's score is significantly deviant, THEN raise appropriate
alert.
7.2.5.6

Other Expressions of Knowledge Applicable to Technical Domain KnowledgeBased Scoring
Other expressions of knowledge relevant to this phase of the methodology

include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical

computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.

Prompters

e
e

e
e

Input interval score from each evaluator
Input individual range width threshold for an individual evaluator's score (this is a
measure of how narrow and still credible an interval can be expected from an
evaluator)
Input assessment of the subjective "measurability" of the indicator (very low,
moderate, high very high)
Input assessment of the experience base sample size (from which similar indicators
have been encountered by an individual evaluator, or the organization as a whole).
Could be values like (very low, low, moderate, high, very high)
Input values for the subjective expertise measure of an evaluator (moderate, high,
very high)
Input range width threshold for the aggregate score. This value has to take into

account the possible dispersion of the individual interval scores. It could be

significantly wider than the individual range widths.
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Triggers
By rules determine acceptable minimum interval widths
Compute width of individual intervals
By rules determine acceptability of individual interval widths

Compute total range of individual intervals

Compute weighted average of intervals
Compute range of average intervals
Compute dispersion of all entered intervals taking into account:
individual bounds weighted by evaluator emphasis coefficients
extraction of the essence of each interval
By rules determine the desirability of the interval dispersion, taking into account the
factors described in the "prompters" section
By rules detect and determine acceptability of individual interval scores which
deviate substantially from the other scores
Compute the minimum & factor for which the intervals yield an "acceptable" or better
interval essence

Alerters

Notification that an individual evaluator's range is inappropriately wide or narrow
Notification that an individual evaluator's range is much lower or higher than others

Notification that the averaged interval's width is excessively wide or narrow

Notification that the averaged interval falls largely below "acceptable"
Notification that the dispersion of ranges is excessively wide, especially considering
EECs
Informers

Request
Request
Request
Request
Request
Request
Request
7.2.5.7

re-evaluation of alerted condition with change to EEC
re-evaluation of alerted condition with change to desirability ranges
display of all original score ranges
display of evaluator emphasis coefficients
display of desirability ranges
display of other evaluators’ rationale for input scores
display of score advice from expert database

Types of Knowledge Applicable to Operational Domain Knowledge-Based
Scoring
Expert knowledge applied to this type of indicator scoring primarily relates to the

fuzzy linguistic scores and their membership functions.
type of score.

We provide a brief review this

Chapter 4 describes the motivation for and process of assigning subranges

within the standard score range [0,100]. A qualitative desirability label, e.g., "rejection"
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or "acceptable," is associated with each subrange (see Figure 7.4). Chapter 6 motivates
the reasoning for using fuzzy linguistic scores for expert knowledge, based on the
relatively low measurability of indicators of this type. Fuzzy membership functions can
be derived from the original desirability subranges, or individually defined.

Expert

knowledge is the chief determining factor no matter which version of the membership
functions are used.

Example knowledge types are listed as bulleted items in the

remainder of this section.

e

Expert knowledge can be used to assign, or determine the acceptability of the degree
of overlap between two adjacent fuzzy linguistic score intervals.
Example overlap between fuzzy linguistic scores is pictured in Figure 7.3. The

degree of overlap should be related to the desired degree of discriminability between
scores.

Discriminability becomes particularly important when not all evaluators agree on

the same score.

To see why, consider an example.

If one evaluator assigns a linguistic

score lower than the rest, then the weighted average score will be lower than if all
evaluators gave the same score. Under the influence of a "dissenting" score, we desire
some form of "situational awareness." That is, we desire to know the proximity of the
weighted average score to other score boundaries.
Assume that the weighted average score for an indicator is as depicted in Figure
7.3. The score is represented by a black dot on the abscissa of the graph.

The ordinate

represents membership in a fuzzy interval. In Figure 7.3a, with no overlapping intervals,
the score has full membership in the fuzzy linguistic score "acceptable," and membership
in no other fuzzy linguistic score. There is little indication that the score is very nearly
having zero membership in the "acceptable" range.

Such discrete boundaries are not

realistic, however, when dealing with scores involving the amount of subjectivity which
indicators of the present class require.
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In Figure 7.3b, some necessary fuzzification has been applied to the intervals,
using the formulae of Section 6.4 in Chapter 6. In this more realistic case, we are aware
that the score has a non-zero membership (0.15) in a below-acceptable desirability range.
Under the substantial fuzzification applied in Figure 7.3c, the same score has appreciable
membership in both "acceptable" and "marginal."

In this case, however, our ability to

convincingly discriminate between the two desirability ranges is lost. Our point is the

following: some fuzzification is needed, but both too little and too much, undesirably
skew the evaluation.

Too little is undesirable due to the subjective nature of the scores

required for indicators of this type. Too much fuzzification is undesirable due to the need
to discriminate, by degree of membership, just how desirable the assigned score is.
Taking note of the power of fuzzification to assign "meaning" to a score, we have
two primary goals regarding its use. Foremost, we seek to harness the power of fuzzy

intervals to enhance the credibility and reliability of the results of the evaluation. Our
thesis is that the discriminability offered by fuzzy score memberships is a crucial
capability.

Secondly, we seek to avoid "gaming" the evaluation to achieve desirable
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Figure 7.3. Effect of Fuzzification on Linguistic Score Dual Membership.

224

]

results. The tradeoff is not clear cut, and we ultimately rely on the knowledge of experts
in the applicable domains to make the decisions.

Those decisions can be assisted by

formalizing the information experts bring to bear on the decisions, and applying them in
an expert system knowledge base. Knowledge-base entries may include many and
possibly complex combinations of instances of the following rule examples.
IF operational scenario is characterized as "critical" THEN minimum
fuzzification factor is X AND maximum fuzzification factor is Y (X<Y).
IF operational scenario is characterized as "normal" THEN minimum
fuzzification factor is X' and maximum fuzzification factor is Y' (X'<Y'’,
X'<X, Y'<Y).
IF indicator score dispersion is "high" THEN fuzzification factor is (near
maximum acceptable value).
IF indicator score dispersion is "low" THEN fuzzification factor is (near
minimum acceptable value).
e

Expert knowledge can be used to determine the acceptability of the dispersion of
scores as assigned by each evaluator.
This topic is treated similarly as with technical domain knowledge-based scoring.

It becomes especially crucial for scores of the present class, since we are already dealing
with relatively wide score intervals. That is, the ratios presented in Table 7.2, especially
the ratio of the score interval to the possible range of scores, will be high. The dispersion
of scores will be more pronounced as well, since score intervals are fixed. A score of
"marginal" and a score of "acceptable" will by definition be largely offset one from
another. No such guaranteed offset is associated with freely-defined interval scores of the
previous type.
To address this situation, the rules applied with respect to technical domain
knowledge-based score intervals may be still be used. However, with a slightly greater
tolerance for wide score dispersions and deviations, since they are a byproduct of the
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scoring method, itself. The method itself, please recall, is driven by the subjectivity
inherent in the concepts being measured.

In extreme cases, any deviation of linguistic

scores should be alerted, given the mathematical impact it has on the aggregate score.
7.2.5.8

Other Expressions of Knowledge Applicable to Operational Domain
Knowledge-Based Scoring
Other expressions of knowledge relevant to this phase of the methodology

include: (1) entering factual and knowledge-based entries into the KBESD; (2) numerical
computations performed by the KBESD; (3) firing of productions rules (as describe
above) in the expert system shell; (4) alerting the evaluating organization of undesirable
conditions (defined in the rules); and (5) displaying factual or rule-based explanations of
alert conditions.

Prompters
e
e

e

Input linguistic score, e.g., "rejection," "marginal," "acceptable,"
"excellent," or
others as required
Input fuzzification factor as a percentage (e.g., 15% is entered as 0.15)
Input scenario-dependent description, which is used as a basis for characterization of
the operational scenario in which the indicator is being evaluated
Respond to alerts as required with rationalization for scores or values entered
Input applicable rules as describe above

Triggers
e

Compute
ranges
Compute
Compute
Compute
ranges

fuzzy membership functions from fuzzification factor and desirability
dispersion of all entered intervals
weighted average of intervals
best-case, worst-case, etc. membership of averaged interval in linguistic

Alerters

e
e
e

e

Notification that an individual evaluator's range is much lower or higher than others
Notification that the dispersion of ranges is excessively wide
Notification that the averaged interval's width is excessively wide or narrow

Notification that the averaged interval has a best case score falling below "acceptable

Informers

e

Request re-evaluation of alerted condition with change to EEC
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't

Request
Request
Request
Request
Request
7.2.6

re-evaluation of alerted condition with change to fuzzification factor
display of all original score ranges
display of EECs
display of desirability ranges
display of other evaluators’ input rationale in response to an alert

Aggregation of Indicator Scores
We describe the process of aggregating indicator scores in Chapter 6. The

mechanics of the process involve several steps, which we abbreviate here for review.

(1)

if required, determine desirability mapping function from native scores to the range
[0,100] (metrics-based and simulation-based scoring); (2) using the evaluator emphasis
coefficients, combine scores from multiple evaluators to a single score for the indicator;
(3) if required, based on the evaluation posture taken, collapse the interval scores to yield
a discrete point, representing the essence of the interval; and (4) proceeding from the leaf
indicators in the hierarchy to the root, combine the scores of sibling indicators using their
relative weights as coefficients in a linear combination function.
Interpreting the results of the previous steps requires both the implicit and explicit
application of expert knowledge.

We seek to disclose as much implicit knowledge as

possible. This knowledge along with the explicit knowledge-types applied, is then

formalized as facts and rules in the KBESD's expert system shell. At the appropriate
points in the score aggregation process, these facts and rules are examined and fired to
provide feedback and checkups on the intermediate and final results.
7.2.6.1

Types of Knowledge Applicable to Indicator Score Aggregation
Expert understanding of the consequences of score desirability, proportions,

thresholds, correlations, etc., are extremely important to interpreting the results of this
phase of the methodology.

We offer in this section bulleted items which express types of

expert knowledge required.
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e

Expert knowledge can be used to determine the appropriate evaluation posture taken
during score aggregation time.

The posture is reflected in a & factor, used to collapse

interval scores.

The first, and perhaps most critical decision to be made when computing
aggregate scores is the determination of the evaluation posture to be taken.

The

evaluation posture is described in Section 6.6 of Chapter 6. The evaluation project
management may make the determination, driven by the degree of safety they deem is
appropriate for evaluating the design.
operational scenario.

The overwhelming influencing factor is likely the

Specific considerations include the gravity, mission criticality, risk

to human life, risk to system survivability, financial gamble, etc. The evaluation posture
is then a reflection of the perceived probability of avoiding a potentially catastrophic type
Terror.

That is, based on expert evaluation of the design, in light of the operational

scenarios considered, the desire is to minimize the probability that the system as designed
could fail to perform to stated operational requirements.

The evaluating organization

reduces that probability by taking a commensurably conservative evaluation posture.
The representation of this evaluation posture is the k factor, & € [0,1], (see Section
6.6). The application of this value is in the collapse of interval scores. For an interval
[a,b], a discrete value may be obtained from the interval by taking the value (1-k)at+kb
(from Equation 6.10). Thus, k= 0 yields the interval minimum, a, and k = 1, yields the
interval maximum, 5b. One can see that as k ranges from 0 to 1, any value in the range
from a to b is possible.

This allows for what-if type of analysis of the design.

Expert knowledge is applied in the determination of the k value which provides
the desired probabilistic assurance.

Rules which express this knowledge may take be

patterned after and combined into perhaps complex versions of the following examples.
IF system failure could result in the loss of human life with probability
greater than P,, THEN minimum acceptable & is Ky.
IF system failure could generate D or greater dollars in capital loss with
probability greater than P,, THEN minimum acceptable k is K,.
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(other similar rules, relating other intolerable circumstances and their
probabilities of occurrence to a minimum & value).
Similar rules can be generated which are not targeted at complete system failure, but at
smaller, yet undesirable consequences.

For example:

IF software maintainability costs could exceed C% of budgeted value in
the first two years of the system life cycle, THEN minimum acceptable k

is K,.

Alternatively, regarding this topic, we note that the k value may not be directly
assignable as suggested by the above rules. It may be arrived at iteratively, beginning
with a selection of either 0 or 1. Then let the KBESD generate the results, with attendant
alert messages, until the most severe indicator failures have been eliminated.

The

knowledge-based issue may revert to determining, based on the knowledge of the design
qualities being scored, the acceptability of the k value arrived at by this procedure.

That

is, experts may determine that the k value for which the design can safely be considered
acceptable eliminates too many realistic operational scenarios, which have a high
probability of occurring.
experts to make.

This may be the easier of the two k-related assessments for the

Knowledge-based entries to this effect may be patterned after this

example.
IF the minimum computed acceptable k to avoid catastrophic system
failure with probability P is greater than K, THEN consider that the design
is not acceptable.
IF the minimum acceptable & to place the indicator in its acceptable range

is greater than K, then score the indicator as "rejection."

e

Expert knowledge can be used to determine acceptability of membership of an
indicator score in each desirability region in which it falls.
Any set of score desirability ranges may be fuzzified using techniques from

Chapter 6. We describe advantages to this technique above.
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The decisions required as a

result of applying the fuzzification technique involve determining the acceptability of the
possible memberships each discretized indicator score can take. Evaluators generate
rules for dual membership thresholds with regard to numerous factors, including, but not

*

%

%&

*

limited to the following:
all indicators evaluated under a given operational scenario characterization
all indicators in a given major domain
all linguistic score-based indicators

all indicators with a relative weight above some threshold

Example rules which express this knowledge are provided below.

IF operational scenario is characterized as "critical" THEN membership

greater than X in any "below-acceptable" desirability range is
unacceptable.

IF operational scenario is characterized as "critical" THEN membership
greater than Y in any desirability range above "marginal" is acceptable.
IF an indicator's major domain has a relative domain dominance factor of
greater than (threshold), THEN membership greater than X in any "belowacceptable" desirability range is unacceptable.
IF an indicator's relative weight is greater than (threshold) THEN
membership greater than X in any "below-acceptable" desirability range is
unacceptable.
IF an indicator is scored in its rejection region AND it has been designated

as design critical, THEN immediately signal an appropriate alert.

Additionally, combinations of these or other conditions may be associated with a dual
membership threshold.

7.2.6.2

Other Expressions of Knowledge Applicable to Indicator Score Aggregation

Prompters
Input
Input
Input
Input

& factor as a measure of evaluative posture
adjusted fuzzification factor (if desired)
level of refinement of triggers to fire (indicator, subhierarchy, etc.)
target overall score (max/min)
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Input max/min tolerable memberships in linguistic ranges
Triggers
Collapse interval scores by applying k factor
Compute membership of discretized interval scores in linguistic set
Compare all-scores to desirability ranges
Compare memberships in linguistic ranges to thresholds
Determine min/max k value which will yield target range
Determine the top n (or overall prioritize) indicators whose score would have to be
increased to improve the overall score
Determine the top n (or overall prioritize) indicators whose weights would have to be

increased/lowered to improve the overall score

Determine the overall score delta per unit change in k
Determine the overall score delta per unit change in v (nu)
Determine the overall score if "negligible" weighted indicators are removed
(proportionally distributing remaining weight)
Prioritize the contributors to a "design killer" contributor
Alerters
e
e
e
e

Notification
Notification
Notification
Notification

of
of
of
of

which indicators fall below the "acceptable" range
unacceptable membership of a score in an undesirable range
any "design killer" conditions
alert conditions

Informers

Total and flexible report generation capability (Kiviat diagrams)
Display how score would change if k factor were optimum
Display how score would change if most offending scores were changed
Display how score would change if most over-weighted indicator was changed
Query of all entries, including input rationale
Query of knowledge-based entries applied to any given indicator/alerter

7.3.

SUMMARY

AND CONCLUSIONS

In this chapter we provide motivation, examples, and details of the application of
a computer-assisted knowledge-base to a methodology for complex system design
evaluation.

Beginning with the indicator identification phase as we describe in Chapter 4,

we progress through indicator hierarchy construction, indicator weighting (from Chapter
5), and finally indicator scoring, score aggregation, and score interpretation (from
Chapter 6).
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For each phase in the methodology, we describe several types of knowledge
applicable to the phase.

Where practical, we provide example or template knowledge-

base entries, after which numerous others may be fashioned for a particular system design
evaluation scenario.

Additionally, without detailed coverage, we identify a sizable

complement of actual computer-based uses of the knowledge as we progress from one
evaluation phase to the next. In practice, that use of expert knowledge is manifest
through interaction with the KBESD.

During the entire evaluation process, much data 1s input, many facts in the
knowledge base examined, many computations done, many comparisons made, and many
rules fired. To the extent that potentially undesirable conditions are expressed as facts

and related by rules in the knowledge base, computer-aided expressions of expert
knowledge can be applied to greatly enhance the credibility of the evaluation.
Specifically, formalizing expert knowledge and decisions mitigates the potential side
effects of the caprices of subjectivity, which is prevalent in evaluation of designs of the
class presently addressed.

Applying expert-defined knowledge-base elements throughout

each phase of the evaluation, promotes consistent, thorough, and if so applied, constant
checks on the reliability of the intermediate and cumulative results of the evaluation.
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CHAPTER 8. INDEPENDENT ASSESSMENT OF THE
METHODOLOGY
8.1.

INTRODUCTION
In this chapter we describe the process and results of conducting an independent

assessment of the methodology described in Chapters 3-7. The methodology embodies
techniques or procedures which have individually been validated in the literature, e.g.,
hierarchical decomposition, fuzzy mathematics, interval mathematics, and the Analytic
Hierarchy Process.

However, the circumscribing methodology, a combination of extant

techniques and original contribution, has not been validated as a single, integrated
evaluation approach.

Consistent with the thrust of the methodology itself, we require an

independent assessment of the methodology.

To the end of assessing the credibility,

usability, and acceptability of the methodology, we undertook the actions described
herein.
Formal validation of the methodology would require the analysis of the results
obtained by applying the methodology to a statistically suitably-sized sample of existing
complex system designs.
dissimilar designs.

The sample of designs would need to include both similar and

However, given (1) the general immediate inaccessibility of a

sampling of such designs, (2) the extended duration of the design phase of many complex
systems, and (3) the overall limited scope of the one-person effort, a more feasible
assessment avenue was pursued in the present research.
In brief, we presented the complete methodology to a panel of experts in the
systems, hardware, and software engineering disciplines.

We solicited their expert

assessment of the methodology with respect to both their own design and design
evaluation-related work, and other related work of which they may have experience or
knowledge.

The results of their assessment have been analyzed and are presented herein.

The remainder of the chapter flows as follows.

Section 8.2 describes the actual

phases of conducting the independent expert assessment of the methodology.
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Section 8.3

presents the results of the assessment.

Section 8.4 closes the chapter and draws

appropriate conclusions.
8.2.

CONDUCT

OF THE METHODOLOGY

ASSESSMENT

The methodology assessment was independently administered by the sponsor of
this research project, the Engineering of Complex Systems (ECS) project at the Naval
Surface Warfare Center, Dahlgren Division (NSWCDD), in Dahlgren, Virginia.

We

describe the phases of the assessment process in the following sections.
8.2.1

Development of Methodology Assessment Questionnaire
To facilitate written, documented assessment of the methodology, we created a

feedback questionnaire.

The questionnaire is provided in Appendix C. The questionnaire

consisted of three sections, focusing on three key dimensions of the methodology.
8.2.1.1

Types of Questions
The first part of the questionnaire addresses the degree to which the methodology

fulfills the stated objectives under which it was developed.

The objectives are stated in

Chapter 1, Section 1.3. For each of the 10 objectives, each evaluator is asked "How well
does the methodology fulfill its stated Objective X?"

The objective is then stated.

The second part seeks assessment of the methodology with respect to the method
employed.

The six methods addressed are: (1) Indicator-based evaluation, (2) Analytic

Hierarchy Process, (3) Fuzzy arithmetic, (4) Expert knowledge-based evaluation,
Visual Simulation Environment, and (6) Kiviat diagrams.

(5)

For each respective method,

the evaluators are asked "How much does this method contribute to the achievement of
the overall objectives of the methodology?"
The third part requests feedback on the methodology with respect to its features.
The four features addressed are: (1) the integration of the methods from Part IJ, (2) the
indicator template hierarchy, (3) the hierarchy assessment questionnaire, and (4) the
documentation of the methodology.
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A fourth part requests individual evaluator background information, to be
provided so as to retain evaluator anonymity.

Our intent is to attempt to draw rough

distinctions between evaluators based on education, professional background, and work
experience in the systems design/engineering field. This information is used to establish
evaluator emphasis coefficients, as described in Chapter 4 and employed in Chapter 6.
8.2.1.2

Evaluator Response Formats
For all questions, we offered an assessment format as depicted in Figure 8.1. The

format is similar to that described in the methodology, throughout Chapter 6. Scores can
range from 0 to 100, and can be expressed as a discrete score, a directly assigned interval,

or a linguistic term, implying a fixed interval.
For questions in Part I, responses are requested as in Figure 8.1a. For questions in
Part II, responses are requested as in Figure 8.1b.

For questions in Part III, responses are

requested as in Figure 8.1a. For Part IV, responses are free form.
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Figure 8.1. Evaluator Response Formats.

8.2.2

Expert Panel Identification
To remove any conceivable bias on the part of the research organization our

sponsor, (NSWCDD ECS Program) was tasked to recruit an expert panel to assess the

methodology.

The sponsor initially compiled a list of over 80 potential evaluators,

composed of engineering practitioners and researchers from the Department of Defense,
other Federal Government agencies (e.g., NASA), private industry, and academia.
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Most

of these people have been affiliated with the NSWCDD

in systems and software

engineering related projects.
Our sponsor invited all potential evaluators they identified to serve on the expert
panel, and to attend a seminar at NSWCDD.

At the seminar, the methodology was

presented in a question and answer forum. Each invitee was provided an executive
summary of the research project and instructions for participating in the evaluation.

Each

evaluator was to provide his or her own funding for the seminar, including travel, meals,

and lodging, if necessary.

Responses from invitees who volunteered participate in the

methodology assessment were returned to our sponsor’s point of contact by a specified
deadline.

Ultimately, a total of 24 volunteer evaluators accepted the invitation to

participate in the assessment process. A final list of expert panel members was compiled
by our sponsor and forwarded to our research group at Virginia Tech.
8.2.3

Distribution of Methodology Documentation
Each evaluator was sent a copy of the documentation, which is the exact contents

of Chapters 1-7 of this document, along with a cover letter from our sponsor, and one
from us. Evaluators were instructed to review carefully the problem statement and
research objectives stated in Chapter 1, and the high-level, pictorial methodology
overview provided in Chapter 3. Chapter 2 was provided as background information.
Chapters 4-7 were offered as references for additional detail on the separate major phases
of the methodology.

Each evaluator received the documentation at least two weeks prior

to the seminar.

8.2.4

Presentation of Methodology to the Assessment Panel
The methodology assessment seminar was conducted at the Naval Surface

Warfare Center, Dahlgren Division, in Dahlgren, Virginia, on October 30, 1995.

Thirteen

of the evaluators were present at the seminar.
Just before the presentation, we distributed the methodology assessment

questionnaires to the evaluators. We instructed them to familiarize themselves with its
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contents.

We did so primarily to keep the specific topics to be assessed fresh on their

minds, and afford opportunities for evaluators to ask questions specific to the
questionnaire's content as the presentation unfolded.

Our intent was to reduce relevant

information recall demands on evaluators when then they actually completed the
questionnaire.
We presented the complete methodology in three separate sessions.

The first

session laid background for the design evaluation "knowledge gap" problem, for which
the methodology is a proposed solution.

In this session, we also introduced the indicator-

based nature, and detailed the indicator-related topics presented in Chapter 4.
In the second session, we detailed the mathematical portions of the methodology.
We demonstrated the concepts of the AHP through an example hierarchy, discussing both
the concept of judgment inconsistency, and our Lightweight Factor method for tolerating
inconsistency (Chapter 5). We also described the four scoring methods, native score
mapping,

and score aggregation process, as presented in Chapter 6.

The third session was reserved for presentation of the knowledge-based portion of
the methodology, and instructions for completing the methodology assessment
questionnaire.

Question and answer dialogues were conducted throughout the sessions.

One-on-one discussions also took place before, between, and after the presentation
sessions, as initiated by individual seminar attendees.

At the completion of the

presentation, additional questions and concerns from the floor were addressed.
8.3.

THE METHODOLOGY

ASSESSMENT

RESULTS

Verbally, feedback was positive and supportive of the research.

Questions posed

during the presentation sessions served as a catalyst and forum for clarifying individual
and group concerns.

Overall, the evaluation panel commended the results of the research,

and were impressed with the breadth and degree of detail included in a single dissertation
effort.
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Formally, assessment results were obtained through the assessment questionnaire,
given in Appendix C. Only ten of 24 expert panel members were able to complete and
return the questionnaire to our sponsor.

The amount of information contained in 276

pages describing the methodology was found by some evaluators to be overwhelming.
We believe that the evaluators who did not return the questionnaire could not complete it
within the approximately twenty-day time period they were given, due to their busy
schedules.

In some cases, a few questions on a questionnaire were not given responses

by evaluators. We elected to retain the responses which were provided. Since the
evaluations were completed in anonymity, we had no means of recovering missing
responses.
In the sections to follow, we provide the score results from the ten questionnaires
returned, including those minimally incomplete.
for each question.

We adopt a standard presentation format

The results are graphically displayed by using Kiviat diagrams.

In

each diagram, the individual responses are plotted along radii of the graph, with higher
scores plotted away from the origin.
Since interval scores are allowed, we provide the minimum, mean, and maximum

scores. Each score was obtained as follows.

For responses which were a single discrete

value, this value is treated as the min, mean, and max.

For responses which were a

directly assigned interval, we take the min and max directly from the interval.

For

linguistic responses, we take the min and max values which define the intervals (see
Figure 8.1). In each interval case, the mean value is taken as the midpoint, defined as
{((min+max)/2].
Finally, for each major grouping of responses, we provide aggregate results, again
presented as Kiviat diagrams.

For these figures, the individual response items (questions)

are plotted along the circumference of the diagram, and aggregate min, mean, and max
scores are shown.
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8.2.5

Determining Evaluator Emphasis Coefficients
Consistent with the methodology's directions in Chapter 4, we desire a means of

discriminating, by field of expertise, educational background, and length of career,
among the evaluators who assessed the methodology.
depicted below.

We have selected the criteria

By applying the AHP, we obtain relative criticalities of each major

expertise discrimination indicator and its children indicators, as shown in Figure 8.2.
Indicator

ED. DEGREE

ED. FIELD

Weight | Sub-Indicator

.169

055

Weight | Definition

PhD

.696

MS
BS

229
.075

Comp. Sci.

.071

Statistics/ Ops. Res.

311

Math

YEARS IN

PROFESSION

.300

Systems Engineering

WORK
CAPACITY

488

20+

579

5-10

.093

10-20

WORK FIELD | .389

.130

289

Educational Degree
Holds a BS as highest degree

Holds an MS as highest degree
Holds a PhD as highest degree
Educational field of specialty

Computer Science

Mathematics or Applied Mathematics

Statistics or Operations Research

Systems Engineering

Amount of time working in a field

relevant to complex systems

More than 20 yrs work experience
15-20 yrs of work experience

5-10 yrs work experience

<5

.040

Less than 5 years work experience

Systems Integration

509

Systems Simulation

214

Software

.063

Dominant experience in systems
integration
Dominant experience in system
simulation

Hardware

.032

Acquisitions

.182

Design

111

.088

Develop

.049

Evaluate

453

Project Mgmt

386

Occupational field of endeavor

Dominant experience in software-

related work
Dominant experience in hardware
issues
Dominant work experience in systems
acquisition
Capacity in which they spend most of
their work

Primarily functions in component
design work

Primarily functions in product

development
Primarily functions as design or

product evaluator
Primarily functions as project
management

Figure 8.2. Indicators and Their Weights for EEC Factor Priority Determination.
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Using a ranking scheme provided by the AHP software tool used, we rated each
evaluator by selecting the most appropriate subindicator from each indicator group.

The

determinations were made based on the responses each evaluator gave for Questions 21
and 22 in the questionnaire.

In cases where information was not sufficient to make a

completely defensible categorization, we extrapolated the information based on what
could be reasonably discerned from what was given.

The ratings and results are provided

in Table 8.1.
8.2.6

Results from Part I, Fulfillment of Objectives

Part I sought feedback regarding the fulfillment of the objectives for the
methodology.

The scores for the objectives considered together, place the aggregate

assessment of the "degree to which the methodology satisfies its objectives" solidly in the
fourth highest category (of five). The averaged raw and weighted min, mean, and max
for each of the ten objectives are depicted in Tables 8.2 and 8.3, respectively.
and 8.4 depict these results graphically.

Figures 8.3

In the figure, each objective is numbered along

the circumference, and scores increase outward along each radial.

For each individual objective, we interpret the scores in the discussion below.
Our discussion linguistically interprets the scores according to the scales defined in
Figure 8.1, and offers additional commentary as needed.

Table 8.1. Evaluator Ratings and EECs.
Evaluator | Ed.
Degree
1
PHD
2
BS
3
MS
4
PHD
5
MS
6
BS
7
MS
8
PHD
9
MS
10
MS
11
PHD

Ed. Field
COMPSCI
MATH
COMPSCI
STAT/OR
SYSENGIN
COMPSCI
MATH
STAT/OR
MATH
MATH
| MATH

Yrs.
Worked
20+
5-10
20+
20+
{| 5-10
20+
20+
20+
20+
20+
<5
,
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Work Field
SOFTWARE
SOFTWARE
SIMULATE
ACQUISIT
SYSINTEG
SOFTWARE
SYSINTEG
SYSINTEG
SOFTWARE
SOFTWARE
SIMULATE

|
|

|

|
|

Work
Capacity
EVALUATE
EVALUATE
DEVELOP
PROJMGMT
DESIGN
EVALUATE
EVALUATE
EVALUATE
DEVELOP
DEVELOP
EVALUATE

EEC
| 0.098
| 0.035
0.086
| 0.115
0.094
| 0.074
| 0.135
| 0.157
0.068
0.068
| 0.073

Table 8.2. Average Raw Scores for the
Objectives.

Objective] Min

Mean

1

62.3

Table 8.3. Weighted Average Scores for
the Objectives.

Max

67.3

Objective|Min

72.3

Mean

1

63.1

Max

69.4

75.7

2
3
4
5

53.2
67.9
63.8
77.1

59.5
74.3
71.5
83.7

65.9
80.6
79.3
90.3

2
3
4
5

54.5
66.1
62.9
77.6

61.4
73.3
71.2
85.5

68.3
80.5
79.4
93.3

6
7

73.8
63.2

79.8
69.8

85.8
76.4

6
7

72.2
63.8

79.3
71.6

86.5
79.4

8
9
10

55.5
58.2
64.1

61.8
65.7
70.4

68.2
73.2
76.6

8
9
10

55.9
59.1
62.0

63.4
66.9
69.4

71.0
74.7
76.9

Objective 1: How well does the methodology fulfill its stated Objective 1?

The methodology should facilitate the measurement and evaluation of a complex

system design's dynamic (i.e., time-critical, performance critical, mission-critical)
characteristics.
The scores for this objective fall within the fourth highest category, with a
linguistic value of good.

At least satisfactory achievement of this objective is crucial to

the ultimate value of the methodology.

The VSE is the primary component of the

methodology which allows measurement and evaluation of time-critical system design
elements.

Technical and domain expertise provides assessment of the performance-

related aspects.

Operational domain expertise is the best source for mission-related

assessments of design utility.

6
Figure 8.3.

6

Min, Mean, and Max Average

Figure 8.4. Min, Mean, and Max Average

Raw Scores for Each Objective.

Weighted Scores for Each Objective.
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Objective 2: How well does the methodology fulfill its stated Objective 2?
The methodology should facilitate the measurement and evaluation of a complex
system design's real-time characteristics.
The scores for this objective straddle the border of the third and fourth highest
categories, with a linguistic value between satisfactory and good.

Satisfaction of this

objective is related to the perceived value of the VSE, since real-time element

measurement is based on a designed system's projected behavior. The VSE itself
received a middle grade.

Thus, a grade for this objective tending toward the center of the

acceptability scale is consistent with the assessment of the tool which is intended to
provide this capability. Further analysis of the VSE's rating is deferred until Part II.
Objective 3: How well does the methodology fulfill its stated Objective 3?
The methodology should facilitate the integrated measurement and evaluation of a
complex system design with respect to its hardware, software, and humanware
components, and their interfaces.
The scores fall solidly in the fourth highest category, with a linguistic value of

good. Given that this is the bedrock concept for the entire indicator-based nature of the
methodology, an above average score here is critical. In fact, it is one of the three highest
scored objectives.
particular objective.

We may have expected an even higher aggregate score on this
However, analysis of the individual scores from each evaluator

revealed an overall reluctance to score on either extreme.

Objective 4: How well does the methodology fulfill its stated Objective 4?
The methodology should facilitate the qualitative and quantitative evaluation of a
complex system design.

The scores fall solidly in the fourth highest category, with a linguistic value good.
This score is quite expected.

With the incorporation of both qualitatively and

quantitatively scored indicators, taking advantage of interval and fuzzy linguistic scoring,
this objective was solidly provided for in the methodology.
Objective 5: How well does the methodology fulfill its stated Objective 5?

The methodology should be generically applicable for a broad spectrum of

complex system designs.
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With the bare exception of the average minimum score, these scores fall solidly in
the highest category, with a linguistic value excellent.
bolsters the scores.

In fact, applying the EECs actually

This is the most highly scored objective of the set. This particular

objective, among those of described by Verma [91] is another of the sine qua non for the

methodology.

High marks here reflect our effort to maintain a high degree of genericity

for the methodology.

We effected this through the generic hierarchy template and the

broadly applicable mathematical techniques.
Objective 6: How well does the methodology fulfill its stated Objective 6?
The methodology should lend itself to the incorporation of computer-aided
assistance.
These scores fall solidly in the upper half of the fourth highest category, with a
linguistic value good.

The average maximum score is well within the excellent range.

The KBESD is the primary source for ensuring this objective is met. As discussed in
Chapters 3 and 7, the KBESD is a software workhorse, providing computer assistance to
nearly every phase of the methodology.

As discussed in Chapter 5, AHP software tools

such as Expert Choice facilitate all phases of conducting the determination of indicator
relative criticality. High marks on this objective were certainly expected.
Objective 7: How well does the methodology fulfill its stated Objective 7?
The methodology should possess inherent, piece-wise credibility.
These scores fall solidly in the fourth highest category, with a linguistic value
good.

These marks were no less than expected.

We were careful to incorporate proven

methods and techniques from the literature, such as the AHP, Fuzzy Mathematics, and
knowledge-based assistance.
Objective 8: How well does the methodology fulfill its stated Objective 8?
The methodology should be easily usable by a design evaluation organization.
These scores straddle the third and fourth highest category, with linguistic values
between satisfactory and good.

We attribute a slight downward turn in the otherwise

category four scoring trend to several factors. First, the majority of evaluating personnel
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had no hands-on experience with the KBESD, the user-friendly software centerpiece of

the methodology.

We are confident that greater familiarization with this tool, especially

as its functionality and user interface mature, will alleviate the initial usability concerns
revealed here.
Second, applying the techniques of the AHP and Fuzzy mathematics, is a new
experience, if not a new consideration for most of the evaluators.

One notable exception

is an evaluator whose doctorate and career work focus on machine learning and artificial
intelligence.
To summarize the second factor, while the techniques themselves are not
unnecessarily burdensome, especially with software support and simplifying approaches
described in the literature (e.g., [Harker 87a,b; Wedley 93]), general inexperience with
the techniques naturally invokes some initial resistance.
Third, like the KBESD, the VSE is not a familiar tool to the evaluators outside the

NSWC ECS group.

The same reasoning as for the KBESD clearly accounts for reduced

perceived ease of use of the methodology.
Objective 9: How well does the methodology fulfill its stated Objective 9?
The methodology should be applicable for the preliminary and detailed design
phases of the system engineering process.
With the exception of the average minimum score, these scores fall primarily in
the fourth highest category, with a linguistic value of good.
scores receive a good rating. This comes as no surprise.

Upon applying the EECs, all

We attribute this above average

mark to the inclusion in the methodology of an indicator decomposition approach, and of
both precise metrics and imprecise intervals. Having done so, we allow for the
incorporation of as much (or as little) detail as can be credibly included in a given design
evaluation task.
Objective 10: How well does the methodology fulfill its stated Objective 10?
The methodology should promote independent system design evaluation to
prevent developer's bias.
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These scores fall in the fourth highest category, with a linguistic value of good.
Chapter 3 motivates the need for an independent evaluation of complex system designs.
From the outset, the methodology is intended to be applied by an organization which
possesses the capability to obtain the evaluative expertise it needs, To that organization,
we supply techniques and software tools.

So equipped, an independent evaluating

organization can conduct an evaluation free from any pressures associated with intraorganizational allegiances.
8.2.7

Results from Part II, Contribution of Individual Methods

Table 8.4 and Figure 8.5 present the individual values for and each of the six
methods.

Table 8.5 and Figure 8.6 depict the results after applying the EECs derived as

discussed in Section 8.3.1. As in Section 8.3.2, these scores represent the average of the
scores from all evaluators.

Both the raw and weighted score sets place the aggregate

score for all methods solidly in the fourth highest category, good.

The two lowest scored

methods are the Visual Simulation Environment and the Kiviat diagram.

The results for

the individual methods are discussed below.
Method 1: Indicator-Based Evaluation Method
How much does the use of this method contribute to the achievement of the overall

objectives of the methodology?
This method received the highest aggregate score of the six methods listed in the
assessment questionnaire, and the second highest scored aspect of the methodology.
Linguistically, an aggregate score high in the appreciable category is obtained.

Table 8.4.

Average Raw Min, Mean, and

Table 8.5.

Max Scores for each Method.
Method
|Min
Mean
Max
1
73.7
80.2
86.7
65.2
71.7
78.2
63.0
68.8
74.5
64.5
70.8
77.0
57.8
64.5
51.0
48.0
55.0
62.0

The

Weighted Average Min, Mean,

and Max Score for each Method.

Aliana]

Qn

Al ay &] Gl] bo

Method
1
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|Min

Mean
73.2
63.9
64.9
65.2
48.0
48.8

Max
80.6
71.3
71.4
72.3
$5.6
56.3

87.9
78.6
78.0
79.4
63.3
63.9

j

;

Figure 8.5. Min, Mean, and Max Average Scores

Figure 8.6. Weighted Min, Mean, and Max
Average Scores for Each Method.

for Each Method.

indicator-based approach promotes decomposition, division of labor, and pinpointing of
the appropriate level of expertise for indicator evaluation.

These are foundational to the

methodology.
Method 2: Analytic Hierarchy Process Method
How much does the use of this method contribute to the achievement of the overall
objectives of the methodology?
This indicator received an overall rating of appreciable.

We specifically selected

the AHP as the primary method of obtaining indicator weights of criticality because of its
wide acceptance in the literature, and applicability to a large number of problems.
Additionally, numerous short cut techniques and software tools have become available to
make the AHP a

credible, traceable, mathematically sound procedure to account for

differences in importance and preference among otherwise equal elements.
Method 3: Fuzzy Arithmetic Method
How much does the use of this method contribute to the achievement of the overall

objectives of the methodology?

Like the AHP, this mathematically-oriented technique was also viewed as a
valued contributor to the achievement of the overall objectives.

Its scores, only slightly

lower than those for the AHP, earn it a linguistic score of appreciable, as well.

We find

as a result of analyzing the background information provided by each evaluator, the
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common trait of a strong background in mathematics.

Consequently, we are pleased and

not surprised to find a large agreement of the value added by this particular method.
Method 4: Expert Knowledge-Based Method

How much does the use of this method contribute to the achievement of the overall

objectives of the methodology?

This method was also very well received, with scores falling squarely in the fourth
highest of five categories.

Chapter 7 presents a broadly scoped, example-oriented, and

solid case for the motivation and potential application of a computer-assisted expert
knowledge-based component of the methodology.

The overall score of appreciable

affirms our conviction that this approach meets some of the needs for computer assistance
in a design evaluation methodology, as discussed by Verma [91].
Method 5: Visual Simulation Method
How much does the use of this method contribute to the achievement of the overall
objectives of the methodology?
The aggregate scores for this method trail those of methods 1-4. The mean score
for the VSE places it just above center in the diagram of Figure 8.1b, yielding a score
between somewhat and appreciable.

As we explained in our analyses of the results for

objectives 2 and 8, we believe limited hands-on experience with the VSE itself, and
limited application of the VSE to problems of the scale addressed by the methodology are
largely responsible for a less than enthusiastic rating.

The VSE is currently under beta-version development.

We are encouraged by the

acceleration of VSE development, and the fact that the VSE is slated for testbed use in
some of the NSWC divisions.

We greatly anticipate that the tool in a more mature form

will be very well received and in short order embraced by the design evaluation
community.
Method 6: Kiviat Diagram Method
How much does the use of this method contribute to the achievement of the overall

objectives of the methodology?
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We do not have a great deal of insight as to which this method received the lowest
score of the 20 elements addressed in the present methodology assessment endeavor.

We

charged each evaluator to provide constructive criticism of any facet of the methodology
which they scored low. For the several scores which fell below 50 on the evaluation
questionnaires, no such feedback was provided.

Since the average score for this facet is

still in the high end of the somewhat category, we can proceed with the confidence that
this method is not considered detrimental to the overall methodology.
8.2.8

Results from Part III, Evaluation of the Methodology's Features
In part II, four particular features of the methodology are assessed.

The

aggregate scores for the set of features fall within the good category, slightly below the
midpoint of the region.

The scores for each feature, averaged over all evaluators, are

presented in Table 8.6 and Figure 8.7. The scores with the EECs applied are presented in
Table 8.7 and Figure 8.8.
Feature 1: How well are the methods in Part II integrated within the methodology?
Scores for this feature place it in the good category.

The KBESD is the software

centerpiece of the methodology, which is intended to provide an integrating framework

for the techniques described in Chapter 6. At present, the AHP functionality is not
included in the KBESD, but we have recommended a useful software tool which is

readily available and relatively inexpensive.

If the methodology is executed from the

methods in Chapter 4, sequentially through the methods in Chapter 6, the integration
through pipelining is evident.

Finally, the whole knowledge-based feature, implemented

in the KBESD is a significant integrating force. Rules and facts regarding every phase of
Table 8.6.

Table 8.7. Average Weighted Min, Mean, and

Average Raw Min, Mean, and Max

Max Scores for each Method.

Scores for each Method.

Feature
1
2
3
4

|Min

Mean
65.2
53.3
52.6
68.6

Max
71.3
60.0
58.9
74.4

Feature
1
2
3
4

77.4
66.7
65.3
80.2
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|Min

Mean
59.5
49.4
46.5
70.7

Max
65.9
56.9
53.8
77.2

72.3
64.4
61.0
83.6

a

2.

Figure 8.7. Min, Mean, and Max Average Scores

for Each Feature.

Figure 8.8. Min, Mean, and Max Weighted

Average Scores for Each Feature.

the methodology can be accounted for in the knowledge-based aspect of the
methodology.
Feature 2: How good is the example system design quality indicator hierarchy in
Appendix A?
This feature received an aggregate score in the upper half of the satisfactory
category.

Since the Appendix was over 18 pages, and used a very small typesize, we can

agree with the evaluators that the Appendix as presented is not particularly appealing.
One evaluator commented that the reader easily loses the exact degree of intention across
a page boundary.

The evaluator recommended we augment this feature to include a

"generation" number for each level of indenture.
would indeed be valuable.

In printed form, this added feature

We have included the suggestion in Chapter 9, as a

recommendation for future work.
Unfortunately, the KBESD version of the hierarchy was not available to the
readers.

In the KBESD form, each indicator has an inspector which contains additional

information.

Additionally, the graphical hierarchy browser serves very well to maintain

user orientation of depth in the hierarchy.

While screen dumps of portions of the
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hierarchy are available in the document presented to the evaluators, the question
addressed the printed version.
Feature 3: How well does the questionnaire in Appendix B
credibility of indicator hierarchy?

assess the evaluative

Aggregate scores for this indicator place it in the upper half of the satisfactory
category.

We firmly believe in the concept of hierarchy assessment, and are pleased that

this method for assessing it is positively received.

Since the score for this feature trailed

other methodology elements, we will consult with the sponsor regarding enhancing this
feature.
Feature 4. How well is the methodology documented?

This question refers to the printed version of the methodology each evaluator
received.

Scores for this indicator were, with one glaring exception, very high.

One

evaluator offered a discrete score of 35, which dragged the average score down 5 points.
Without this anomalous entry, this feature has the third highest score among all 20
questions.

Still, the average score is in the very high end of the good category.

provided examples, table, figures, and equations.

We

We specifically included the

storyboard-based pictorial overview of the methodology in Chapter 3 for the purpose of
providing a top-down structured approach, so as to decrease the complexity of the
document.

8.3.

CONCLUSIONS
The aggregate mean scores for all ten objectives, the six methods, and the four

features were respectively 70, 68, and 68. Each of these scores falls solidly in the fourth
highest category, linguistically labeled good or appreciable.

Applying the EECs altered

the scores by less than five percent, yielding 72, 68, 65, respectively.

Where aggregate

scores for individual items appear to indicate a general lower acceptance by the
evaluators, we have offered explanations for likely causes.
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In retrospect, we see the potential for a measurably higher assessment of the
methodology had the VSE and KBESD software environments been available to the
evaluators during a presentation of the methodology.

That this was needed is clear from

our analyses of the methodology components which these tools primarily affect, i.e.,
Objectives 2 (system dynamic behavior) and 8 (methodology ease of application),
Method 5 (the VSE), and Feature 2 (template indicator hierarchy).
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9. CONCLUSIONS AND RECOMMENDATIONS
FUTURE RESEARCH
9.1.

FOR

CONCLUSIONS
The methodology described was funded in part by the Engineering of Complex

Systems research program of the Office of Naval Research.

In a larger sense, however, it

is an answer to the systems engineering community's call for new approaches to design
evaluation.

The objective of both groups is assurance of system design utility and quality

earlier in the system design life cycle.
To answer the call, we reviewed the literature for approaches, methods, and
indicators currently applied to performance and dependability of most disciplines
intersected by modern complex systems.

These disciplines include software, hardware,

hardware-software interaction, human workload, human-machine, and human-software

interaction.

We also reviewed the literature for the application of performance and

reliability prediction approaches in a wide range of systems, including: the space station
combat aircraft, surface seagoing vessels, submarines, tanks, rocket booster systems,
nuclear power plant control rooms, high speed communications switches, large-scale offshore oil rigs, robotics-controlled manufacturing, toxic waste removal, and corporate
work places.
Our findings from this research are largely documented as a collection of generic
design and utility indicators, which we intend to serve primarily as a template and
launching point for evaluating any complex system.

The template hierarchy of indicators

also serves to punctuate and further define the complex and critical nature of the systems
whose designs our methodology is used to evaluate.
A methodology such as ours which assists in the evaluation of designs for so
broad yet complex an array of systems, must both incorporate and account for many
quantitatively and qualitatively expressed assessments.
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Further, the earlier in the system

design cycle these assessments are applied, they may be heavily based on imprecise
human judgment.

None the less, organizations which require, fund, and eventually

operate these systems, demand mathematically sound, reproducible, and traceable
documentation of all design evaluation decisions.

Evaluators subsequently require

methods and techniques which are not cumbersome to apply, allow flexibility in inputs,
and lend themselves to computer assistance and a large degree of self-documentation.
We developed a methodology to address these needs.

The indicator-based

approach facilitates complexity reduction through division of labor across the evaluating
panel.

It incorporates hierarchical decomposition of design utility indicators from the

systems and operational level, to inter-domain experts, then to technical domain experts
and metricians.

The Analytic Hierarchy Process accounts for human judgment and its

inherent inconsistency.

Metrics take advantage of what is known and widely applied in

each system-related discipline.

System simulation promotes understanding of the

dynamic and behavioral related aspects of the designed system.

Interval judgments and

fuzzy linguistic scoring techniques allow controlled, credible accounting for what is not
or, so early in the system life cycle, cannot be known with any precision.

Finally,

incorporation of a computer-assisted expert knowledge base provides automated input
and result checks, resulting in alerts to the evaluators.

This facet of the methodology is a

primary source of complexity management and assessment reliability, in the face of

potentially large indicator hierarchies.
Taken together, these methods define a methodology to be applied by an
organized, appropriately staffed panel of experts from all the disciplines embodied in the
designed system.

Applied in this way, the methodology can be used to provide system

sponsors with expert assessment and feedback regarding the utility potential of a system
design.
To determine how useful the methodology can be, a panel of experts from
industry, the DOD, federal government, and academia evaluated the applicability and

usefulness of the methodology.

The panel pointed out directions for improvement and
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expansion, while commending the effort and the product.

Overall they assessed the

methodology as satisfying or exceeding their base-level desiderata for such a
methodology.

We can state then that the research effort resulted in a sound foundational

methodology for complex system design evaluation.
One of the initial goals for this research was the comprehensive definition and
elaboration of such a methodology as presented herein.

Some debate focused on the

relative merits of providing significant depth-wise elaboration of a few methods versus
comprehensive breadth-wise coverage of the complete methodology.

The resultant

methodology is largely a manifestation of the latter, with deference to the former.
In conclusion, the methodology has been defined by the scope of coverage, depth
of content, and order of application detailed in this document.

Where coverage may

appear narrow, depth shallow, or order out of sync with practiced techniques, we
recommend future research and development efforts in Section 9.2 to yield appropriate

enhancements.

Springboarding from independent expert affirmation of its potential as a

credible design evaluation approach, we anticipate significant ultimate contribution to the
design synthesis and assessment field and literature.

9.2.

RECOMMENDATIONS

FOR FUTURE RESEARCH

In this section, we suggest future research and development activities which will
ultimately enhance the methodology and its successful employment.
As presented in Chapter 2, we conducted a significant survey of the literature,
from individual complex system domains, to inter-domain subjects, to operational
systems, to design evaluation techniques.

The results of the technique-based research are

primarily reflected in the methodology itself. The indicator hierarchy we have developed
for the KBESD is the primary outgrowth of the indicator-related research.

Not all of the

indicators uncovered in the literature have been explicitly defined and positioned in the
hierarchy.

The overwhelming causes are: (1) the absence of an actual systems-level

perspective on which to base a comprehensive top-down decomposition, and (2) the

254

abundance in the literature of many lower-level, domain-specific indicators, for which no
appropriate intermediate links to the system-level indicators have been generated or are
available.
To extend or augment the existing hierarchy and to increase its value as a device
for design evaluation, we recommend the following actions be pursued in future
dedicated research.
e
e

e
e
e

Establish an initial systems-level perspective on an existing complex system design or
requirements specification.
Proceed with indicator decomposition based on interviews with or in legion with
systems engineers and/or domain experts who are working on or have worked on a
real project.
Identify key non-structural relationships known, if not otherwise formally expressed
in practice.
Consult systems engineers and domain experts as a source for intermediate indicators

which allow incorporation of existing bottom-up indicator relationships.

Based on inputs from experts at the methodology assessment seminar, in consultation
with practicing design evaluators, define and incorporate System Design Goals as a
subhierarchy.
The KBESD is the software centerpiece of the methodology, as described in

Chapter 3. This single piece of software bears the weighty burdens of indicator storage
and retrieval, score computation, and eventually the knowledge-based inferencing
functions.

To enhance the readiness of the KBESD for its increasing role in the

methodology, we recommend the following new or continued efforts.
e
e
e
e
e
e

Inclusion of the expert system shell to facilitate user interface to the knowledge base
(underway as an independent study project).
Inclusion of the capability to generate knowledge base facts from user entries in the

indicator inspector.

)

Inclusion of the capability to generate knowledge base rules from "prompter" panels,
e.g., for threshold values, fuzzification factors, etc., which apply to an indicator.
Enhance the user interface to facilitate a user-friendly prune and graft capability.
Inthe inspector panel, include the capability to build automatic links between
literature sources abbreviated in the literature to a full bibliography.
Include a capability to merge existing hierarchies while retaining common links in
both.
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e
e
°

Include an insert capability to paste in a hierarchy from another file to a given node in
an existing hierarchy.
Include a capability to import a file from e.g., a Dbase, Access, Paradox, or FoxPro
As recommended by a member of the methodology assessment panel, include a
"generations" capability in the report generator, to identify which level of indenture
applies to an indicator in the report.
We describe in Chapter 8 the motivation for an initial subjective, qualitative

evaluation of the methodology.

An appropriate follow up research effort is the direct

application of the methodology to many design evaluation problems of varying, but nontrivial scales.

The goals of the research would be to identify specific enhancements to

improve the methodology.
As a result of our presentation of the methodology to experts in the complex
systems design evaluation field, a representative from the NASA organization responsible

for design evaluation of the International Space Station expressed an interest in applying
the methodology to the Station's design evaluation efforts. Discussions are ongoing with
our sponsor and NASA for potential application of the methodology to a real-world
problem.

As a follow up effort to the present work, the sponsor has expressed a desire for
extending the methodology to earlier phases in the system life cycle. This amounts to an
ability to apply the methodology closer toward the requirements phase, to assist in design
synthesis.

Such a methodology would serve to close the gap between the present work

and conceptual design evaluation [Verma 94].
A second follow up direction for the current work is in providing a greater
elaboration of its knowledge-based aspect.

Research should be conducted to (1)

establish knowledge requirements, (2) perform knowledge acquisition from design
evaluation experts, and (3) carry out the knowledge engineering required to map the
elaborated knowledge elements into a fully integrated expert knowledge base within the

KBESD.
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APPENDIX A.

EXAMPLE SYSTEM DESIGN QUALITY
INDICATOR HIERARCHY

In this appendix we present a sizable generic indicator hierarchy, described in
Chapter 4.

Figure A.1 is replete with multiple-parented indicators, reflecting the true

multi-way nature of indicator influence relationships.
distinct indicators in the hierarchy.
related indicators are repeated.

Currently there are over 400

It is printed in nested indenture form, so multiply-

Definitions and sources for individual indicators are

included in the electronically readable format, available for the NeXTSTEP platform.
Contact the author for questions regarding access.

289

"py

sandy

Yoddns jeosi6o07 jeuy WayskS

Ayyend ubliseq weaysks xejdwo0g

(Veg sybay) Ayiqeysnes sjuawaunbey sop wayshS

BS s}bay jsog aiempseH Wa}shS
eS s}bay s}jsog ABiauy wayshS
yes s}bay jso5 Bulules) jauuosiogd jeniu|
yeS sybay jsoo Buluses) yeys sanesjsiuiupy
JES s}bay }soD Jusudojensg ejs oaessiuiUpy
JES sbay sso vONHedIWSD Ye}S sAeijsiullupy
yes s}bey s}son sajejsiuiupy wayskS

yes s}boy s}so5 juawysaau| WayskS

yes sjbay s}so5 uoNONIjsUu0D wa}skS

yes sjbay sjso5 saiyjioe4 Buunjoesynueyy

JES s}bay sjso_ saipioe4 jSoL
yes s}bay s}soD saiiyioe4 jeuoiesedO
yeS s}bay s}sod saniioe4 soueusjuleyy

JeS s}bay so

yes s}bay }sog Juawdinby Buiuresy jeiuy
JES sybay jsoQ jeuayeyy Wed wWeday/aieds |eniuy
yes s}bey }s0D juswebeuey Aioyuaayy jeiul

eS sybay }s05 BHBurjpuey pue uonepodsues, jeu

JeS s}bay jso5D juawabeueyy Weiboig o1s1607

Jeg s}bay so uolIsinboy 3210

eS s}bay s}soy Buunjoesnueyy BuindayuoN WayshS
$}S04 Buunjoejnueypy wayskS
yeS s}bay ysoy Buiuiesy jauuosidg jeu]
je sjbay jso9 uoyeedaig eyeg jeduyoo)
yes s}bay jsog BuruoisiAoig

jes s}bay s}soo Buunyoeynue; Buysnoay wayshS

eS sybay s}soD ejeg jeoluyooy
eS s}bay s}soD syed seday-aieds
$}SO4 Yoddns aoueuajuley |eA07 saljddns
$)SOD JaULUOSIag BOUEUa}UIeEWy JaAe7] JeuOHeZIUeHIC
$]S04 |@UUOSJAaY SOUBUS}UEW [BA97] S}eIpauaju|
Ayxajdwod uoissipy jeuojesedo
$}soD Buruses, yeys d1poueg
yeS s}bey sjsoD Buluies; soueusweyy
Ayxajdwogd uoissiyy jeuojeiadoO
$}SOD Gulures) yey jeyluy
s}so9 Buruiesy uewny
S}]SOD JEUUOSJOg BOUeUAUIEW |eAe7] JOdEeq
s}so5 Hoddns pue jouuosueyg aoueuajuEyy
yes s}bay s}jsoD saijyioe4 soueuajuleyy
yeS s}bay jsoD soueuajuleEyy Wa}SAS
38S s}bay s}sop soueuajuleyy pue uoijesedO wa}shS

*AYIABAII 1OJVIIPUT ApyENgd uUsisag wajsks adwuexy

JES sybay Awiqeeay IMAHH
yes sybay Awiqeyay AHH
yeS sybay Ayiqepuedeq AHH Weajshs

eS sybay Ayunoasg aemplepyy sajndwoy

yes sybay Ajiqepeay aemplepy sajndwoy
yes sjbay Ajayes aiempiey Jayndwoy
yes sybay Ajiqeyay aempuepy sayndwio5
yes sybey Ajyjiqepuedeag siempiey sajndwoyd wajshs

yes syboy Ayiqeeny aeMyos

yes sybay Ayyiqeeny asempsepy jeunjonijs

1S syboy Ayiqeyeany aemuewny

yes sybay AyqeyeAy ISH
yes sybay AyqeweAy IMHH
JES sybay Aqqeyeay ISMMH

yes sybay Ayiqeeay siempieyy sajndwoy

yeS sybay Ayiqeyery wajsks

yes sybay Ayjiqepuadaq wayshs
eS s}bay ssauaayjoayy wayshs
yes s}bay }s0D siemyos wayskS
jes sjbay sjsoy juawebeuep; wesbod

$]SO5 Juaidojeaeq sjapoyy Buuaeulbug

yes sjbay s}jso_ jse) pue yuswidojanag Juawdinby
yeS s}bay s}jso5 ubisag BursauiBug wayshs
eS s}bay s}sod ubisag Buvseuibuzg Apiqeiay
yeS sybay s}sod ubisag Ayiqronpoig
jes sjbey sjsoa uBbisag jesiueyoayy
jes s}bay sjsoo ubiseq Buyaeulbuzg Ayyiqeureyweyy
JES s}bay s}so5 siskjeuy Woddns osI607
yeS s}bay sjsoa uBbisag suojoe4 uewny
yeS s}bay sjso ubisag jeoujyoa/5
18S sjbay sjsoy ubisaq Guuaeuibuy
yeS s}bay s}so5D ejyeg GBuueeuibuy
Ayiqeysnes juawainbay s}so5D juswdojanag pue yoJseasay paoueapy
Ayiqeysyes yuauainbay }soD Juawdojaceg pue yoeaseay wajshs
Jes s}bay jso5 jesodsiq pue jnOo-aseud
ye s}bay so Juawdinby Buljpuey pue yoddns
yeS sybay }soD Buiuresy soyesxado
eS sjbay sjsoD sayioe4 jeuonesado
JES s}bay }soD jauuosiag Burijesado
yeS sjbay SOD suoiesedo WayshS
JES sybay json suoneoyipoyy juawdinby waysks
yes s}bay s}so9g Buluies) soueugiueyy
yeS s}bay s}so> Burjpuey pue uonjeyodsues)
eS S}bay sjsoD soueusajuleyy Juawdinby poddns pue jsay

290

“py

ensiy

SOURIOIOL SINey

$0
JO
Jo
Jo
3°

est)
@SN
esq)
@SN
8sN

Ply gor

|ISAAH

ISMAH
ISMMH
ISMH
ISMAH
ISMMH

eS s}bay asp Joy ssouy4 juawdinby |AAHH

yes s}bay Buluey soyesado uewny

yes sybay AWEND ply gor

SSOUDAISUBYSIGWOD ply gor

Ayoydusig yuaUoD 3X91 ply gor
@ZIS JOYS] JSJUOD X91 Ply gor
Aynaig yUa}Uod 4x91 ply gor
Ayiqipeay juajuod }xe1 ply gor
Ayyiqeyjosjuod pry gor

JUIBIJSUOD AIRINQEIOA jUSJUOD XO

Ayiqes¢ pry gor
Ayiqepueysiapun yuajuog piy gor
AWQesajay ply gor
Su0d| JO BSF] Ply Gor

yeS s}bay AwyenD (4O0) JuswuoNAUy [O1jUOyD jeuonesedQ

yes sybay Ayiqelieyd ISMH
yes sybay Ayiqepuedaq |SAAH Wejshs
yeS sybay Ayiqeyeay ISH
yes sybay Ayndag ISH
yes sybey Ajajes ISH
yes sybay Ayiqenay ISH
yes sjbey Ayjiqepuadag (SH wajskg
JES sybay AwiqeyeAy IAAHH
yeS s}bay Ayndag IAAHH
yes sybay AyayeS IMHH
AWIQeNNS YoReIqIA 300
AWIQeINS PUIAA JUaIqUIY 390
Ayiqeyns jac) eunjesodwa) yuaiquiy FOO
Ayliqeyins |aAe7] @SION JUaiquiy 390
Auuiqeyng jeae7 Guyjybrq yuaiquiy 300
Auqeyng suonipuod jusiquiy 390
Ayiqeyng jana] AWend sry juaiquiy 390

SSOUSAIJDSYA SOUEPIOAY SIN|IE4 SPOWY UOLULWOD ISMAH
SSQUSAIDAYA SOUBPIOAY suN}iey ISAAH

suojoeysqy BurAy\dwis
salBojopouyjepw UBisaq Buroueyuz-Ayiqelay
SpoujeW |eu04 payes6aju]
Ayssanig ubisaq
sjusuodwod SLO

SSOUDAIP AYA JEAOWSY BINIE4 ISAAH

yes sybey Guyjsel ISMH
ssauaAoey uooelu) yNe4 ISAAH

SSOUSAIDAYY

SSSUBAIPSYFA SUL}q UOI}OS}Eq] Gunjie4 SPo- UOWLWWOD |SAAH

*(panuyuod) Ayd1BIIIFY{ 10;BdIpuy ApEn? usisag wajshs aduexy

Ayoyduig yue}UoD yxe1 ply gor

SUOd| JO BS Ply gor
yulesjsuoy Auejnqeso, Juajuoy }xe_ ply gor
8ZIS JBW9] JUBJUOD Xe] Ply gor
AyAaig JUa}UOD 3xa_ Ply gor

Ayiqipesy juazucg yx@1 ply gor
Ayqeyosyuod ply gor

SSQUBAISUBYSIGWOD ply gor

yes sybay Awend piy qor

SOUBYsISSY JO SSOUI|AWI] Ply Gor

Ayqnedwog jeuonenyis pry qor

Ayiqueduog eaniubo9 piy gor
aouejsissly jo Ayjeny
Ayixajdwo4y jesnpac0lg
Ayxajdwoy yseL

Ayxeidwiod ISH
Ay\xajdwod IMAHH

yybue7 ylus

yeS sybay Ayiqeydaooy peopywonrg jeoisAyg asemueWwN}

yes sybay AyiqeyleAy ISMAH

Ayixajdwod ISH
Ayxajdtuod AHH
1S sybay Ayjqeydasoy peoj yong jearsAuy asemMuUeWwN}Y
yes sjbay uoinusAag anbiyey jecisAuq aiemueWwNn}
eS s}bay uojusraid 10129 jeolsAyg aseMUBWNH
yes s}beay Ajjiqedes Aisacdey 20119 aiemMUeWNH
yes sybay Ayjiqedes Bulyseyy 10g asemuUeWNY
Ayxajdwiod jeunpesaig
Ayixajdwosy yseL
PEOPPONA [EUS
anbiye4 jejuaw
JES s}bay uoUsAeld JON anubo05D asemuewNny
yeS s}bay voqusadig JOU IMWHH
yes sybay Ayyiqeyay jenpiaipuy aemuewny
yeS sybay Ayqeiay semuewny
eS syboy Ayjiqepuadeg asemuewnyH waysks

yes sybay Ayayes ISMMH

yes s}bay Aywnoas ISMH

SJa|pueH uoNdsoxy Jo asp) ISAAH

HESOyY 40} S}UIOdYOEYD jo 8ST) ISMAH
SSBUBAIOAYQ SUC] ABACDaY aiNile4 apoyy UOWWOD ISMH

Saul) Bopyajena JO eS ISMAH

SYIBYD Bul] -UNY JO Sf) ISAAH
suusiueyoayy Buisiey uoijdaoxy jo asp ISAAH

291

“['y ensiy

Ayiqesayay ply gor

Ayqesn piy gor
Ayjiqepueysiapur) juaUod ply gor

yes sybay Ayjiqejdacoy peopwoj, jeoisAyy ssemMUeWUN}Y
ye s}bay uoyuaadig anbiye4 jeosAyg aseMUeLUN}Y
JES sjbay uoyusAdiq 0g yeoisAyg SJEMUBLUNY
yes sybay Ayyiqedes Aiaaoday s0s1g aIeEMUeWUNH
yes s}bay Ayjiqedesy Buiysey 109 aseMUeWN}
Ayixajduos jeunpaddid
Ayxajdwog yseL
PEOPJOAA [EJUSIY
anbye y jejuoyy
yes s}bay uonuaAasd Jou aayiuboD ssemuewNnyY
yeS s}bay uojusrdald JONG ISH
eouR}sissyy jo AyUeNyH

yy6ue7 wus
Ayxajdwod ISH
Ayixe|dwod iWHH

AYIx@|dwod IWAHH
yeS sybay Ayjiqeydacoy peopyo,, jeoisAyg asemUeWNY

Ayxa)dwod ISH

aouejsissy JO Ssauljauty ply qor
Ayiqnedwod jeuojenyis piy gor
Ayquedwog aau609 ply gor
aoueRysissy jo Ayeny
Ayixajduog jeunpacoig
Ayixajduog ysey

yes sybay Ayjend ply gor

SSBUDAISUBYSIGWOZD ply gor

Ayge|}oQUOD ply gor

SUOD| JO BSF) Ply gor
yulesjsuoy Asejnqeso, jua}u0D }x9_ ply qor
Ayoyduig yUa}yUOD }xe] Ply gor
@ZIS BHI] JUBJUOD x9] Ply Gor
Ayaaig yua}UOd xa Ply gor
Ayiqipeay yuajuog xe) ply qor

Auiqesajey ply gor

Ayiqepueysiapur) juajuog ply qor

Ayiqesn ply gor

ajAjg diysiopeoy
aouajadwoy diysiapea]
aousjadwod jenpiAipuy
yeS sybay Ayyiqeyay dnoig yop, QIeMUeWNH
aouejsissyy yo Ayuenh

*(panurjuos) Aysses31F{ 10,vdIpuy ApEn? UsIsag wajsks ajdwexy

JUBWSUIJOY SsIMda}S Jo asp

Buiwwesboldg painyonsys jo asp
Buyjdnos ainpoy azemyos
Kouajsisuod ajnpoywy aemyos
Ayarjduis jeinjonijg ajnpoyy asemyos
SSOUBAI}GUISAG-HaS siNnpoyy aeMyos
SSBUBSIOUOD ajNpoW aemMyos
Ayixajduod ajnpoyy asemMyos
SSOUd}B|CWOD ajnpoyy aiemMyos
udISaYyoOD sinpo-; aemyos

ANIGeYIPOW BINPOW sleMYyoS

Bujdnod ainpo-: auemyos
Ayoyduis jeinyonijg ainpoyy aemyos
SSSUBAIJGLOSSG-aS ajnpoyy aiemMyos
SSBUBSIDUOD BiINPOWy BIeEMyosS
Ayixajdwiog ainpo-= aemyos
udIsayod ajnpoyy aemyos
SOeLa}U| PSUYSQ-|1aA\A BINDOW sleEMYyOS
Ayiqepuejssopupr) ajnpoyy aiemyos
Buipip] uoHeUOyU| Jo asp
Ayiiqeaoes, ainpoyy semyos

AMIQeYIPOW, aINPoWy BIEMYOS

Buydnog ajnpoy, semyos
Aduajsisuod ajnpo- aemyos

JeS sybay Ayiqeyay auemyos

Ayoyduig jesnyonsys ainpoyy asemyos
SSOUSAICUISSG-j]8S ajnpoyy aeMyos
SSaUasiIUOD ajnpoyy aeMyos
Ayixajdwiog ainpoy,y aiemyos
SSQUB}JS|GWIOD BiINpoyy aeMyYOoS
udISeYyoD aiNpoy,y aemMyos
uonIsodwiosag |Bd1YyoeJaIPH Jo asn

eS s}bay Ayunoas siemuewny

Je sybay Ayjiqeijay waysks
eS syboy Ayiqeieay asemuewny
yeS sybay Ajunoeg dnoip yon, auemueWwNY
yes s}bay Ayndas jenpiaipuy ssemuewn}
38S sybay Ayayeg dnoig yony QieMUeWUNY
yeS sybay Ajayes jenpiaipuy ssemuewiNnyY
eS sybay Ajajeg asemuewny
aouejsissy jo AyjUuenty
aouajedwoy wea]
UOISaYyOD JEquay esiMied
UuOdISeyoD weal

292

‘[°y sins

QOULIIIO| YNE4 sINPOW Bemyos
Aoeinooy ainpoy;w aemyos

Ayiqepeay ainpow semyos

yeS sjbay uoluanag anbiijey jeoisAyg siemueWNy
yeS s}bay uonuaraig 10g yeaisAyd aiemUueWNH
yes sybay Ayqedes Aaaodey J0ug aseMUeWINY
eS s}bay Ayjiqeded Buljseyy soy ssemUueWN}
Ayxajdwod jesnpadold
Ayixajdwoy yseL
PROPJOAA JE}USW
anbye4 jewuew
JES sjbay uojusraid Jou sauBboOD asemueWNY
JES sybay uoUsAeg 103 IMHH
yeS sybay Ayiqeyay |ENpiAipuy sIeMUeWUN}Y
yes sjboy Ajyiqeyey avemuewny
eS sybay Ayiqeyay asempey jeanjonsys
Ayjiqepueysiapunr ainpoyy aemMyos
Anuaysisuoy ajnpoyw asemyos
Ayrouduig jesnjonsys ajnpoyy aemyos
SSAUBAIGUISAQ-}aS BjNPOow BIeEMYOS
SSQUASINUODD BINpOW BIEMYOS
Ayxajdwog ajnpo-; aeMyos

eS s}bay Ajjiqeydsooy peoppoj, jesisAud aemMueWNY

4yy6ua7 wus
Ayxajdwod ISH
Ayxeidwod iMMHH

yes spbay Ajyjiqeydacoy peopyon, jesisAyd suemueWwNnY

Ayxa|dwod ISH
Ayix@}dwod |AAHH

aouejsissyy jo Ayeno
Ayxajdwod jeunpadold
Ayxajdwo9 yseL

Ayiqnedwog eajuboo ply gor

Soueysissy sO SSOUNSWI) pily Gor
Ayiquedwog jeuoyenyis ply gor

yeS sybay AWend piy gor

SSOUBAISUBYSIGWOD ply gor

Ayiqe|josyuod ply gor

Auiqipeay yus}UOD }xe1 ply gor

AAIg JUSJUOD JX] Ply gor

SUOD| JO BSf) Piy Gor
yusesjSUOD Aueinqeoo, JuS}U04y }X9] ply gor
Ayaiyduuig yusjuod xa ply qor
8ZIS JOVI] JUSJUOD JX9L Ply gor

‘(panuyuos) Ayo1esatp{ AOJBIIPUT APPEND UsIsag Weyshs sjdwexy

ISH

ays diysuapeay]
sousjediwio4 diysiapes’}
aouajadwog jenpiaipu|
JES sybay Ayiqeijay dno yong, emuewNnyY
aouejsissyy jo Ayjueny

Ayiqesn ply gor

Ayaaig JuajUod 3x91 ply gor

Ayjiqepueysiapun yuayuoy ply gor
Ayiqesayay ply qor
SUOD| JO BSf Ply gor
yuIesSUOD AueinqedoA jua}UO4y }xa_ ply qor
Ayouduls Jua}UoD 4x91 ply gor
OZIS J9W97] JUBJUOD 4X9] Ply gor

AyIGe|O.UOD ply gor

Ajiqipeay JUa}UOD yxe_1 ply gor
SsduaAisuayasdwoy ply qor

ye sybay Ayend pry qor

SOUPISISSy JO SSAUIJSLUI Ply Gor
Ayiquedwod jeuojenys pry gor
AWqnedwod eaiuBoo piy gor
aouejsissy JO Ayeno
Ayixajdwoy jeinpscosg
Ayxajdwoy ysey
Mixadwod {SH
Ayxejdwiod iWAHH

yyGue7 WIUS

JeS spbay Apjiqeydasoy peopyoyj, |eoisAud asemMUeLUN}

Ayxajdwiod ISH

Ayx9|dWwod IAAHH

eS sybey Ayyiqejdacoy peopyosy jeoisAug asemMUeWNY

Ayxajduo4 jeinpadoig

eS sybay uonusraig anbye (eoiskud asemMUeLUNY
JES sjbay voNUsAsig 10g jeDISAYg BIBMURLUNH
eS s}bay Ayiqedes Aanocay sou aseMUeWUN}Y
yeS sybay Ayyiqedey Buljsey soy asemuewNnyY

JOU

Ayxajdwoyd yseL
PEOPWOAA [EJUaWy
anbuyey jequay
yeS s}bay uoluerdig 1019 BAub0D semuewNyY
yes sjbay uonuaAad

aouejsissy jo Ayquenh

Ayqesn ply gor

Ayqepueysiapun yuaUOD ply gor
ANqeajay ply gor

293

“fy

aansiy

SUL] UOIPa}Eq ainjle+4 Spoyy UOWLWOD ISAAH
SSOUBANDOYA SOUBIBjO] UNe4 ISAAH

@sp
@SN
BS
est)
ASN

|ISAAH

ISMH
ISMH
ISMMH
ISAAH
ISMAH

SSOUBAIPOYY jPAOWAaY SNPeY

yes sybay Buysel ISMH
SSOUBAIOaYA UOHOAlU] Ne4 ISMH

yo
30
Jo
Jo
JO

(490) JuewuosAUy jouOD

jeuoljeiadO

Ayiqesn piy qor
Ayiqepueysiapuy) juayuog ply gor
Ayiqesayay pry gor
SUO0D| JO ASf) Ply Gor

UdISBYOD JEquisyy SssiMied
uo!seyod wee,

eS syboy Ayiqeiay aempiey sajndui0g
aouerjsissy Jo AyyUueNH
aouajedwoy wes

ye sybay Ayiqeyeny IMWHH
eS sybay Ayqeleay IAHH

yes s}bay asp 10) ssauy4 yuawdinby |AAHH

yes sybay Bulusesy soyeuedO uewN}

yes sybay Ayend pry qor

SSaUBAISUBYaIGWOZD ply gor

Ayoduis yua}UoD yxeL ply gor
OZIS JONI] JUS}UOD }XxOL ply gor
Ayaaig JUaUOD 3x9 ply gor
Ayqipeay JUa}UOD }xal Ply Gor
Ayqe|jo.yuoy ply gor

JUIBIJSUOD AsejnqesoA JUaUOD }xe_ ply gor

yes sybay Aen

yes syboy Ayiqeey (SAAH
yes sybay Ayyiqeay ISH
Ayjiqenns uoyeiqiA 300
AWIGENNS PuUIAA quaiquiy JDO
Ayqeyng jeae7 eunyesedwea, yuequiy 300
AWIGeWNS [9Aa7 @SION JUaIqUiy JDO
ANIQeyNS jere7 Gunyhry jusiquy 300
AyqeyNS suoNipuog juaiquiy 30
Ayqeyns jaaey Ayjeny sry yuaiquiy 390

SSOUBAIPAYQ SOUEPIOAY SINE SPOYWy UOLULUOD |SAAH
SSBUSAIOSHA SOUBPIOAY sIN|Ie4 ISAAH

suojoeysqy BuiApiduis
saiBojopoujey ubisaq Buloueyuz-Aygelay
spoujayy |eEU04 payesHajzu]
Aysianiq ubisaq
S}UBUOGWOD SLOD

SSOUBAIPSY

suusiueyseyy Buisiey uoldaoxy yo esq ISMAH

*(ponutjuods) Aydi1e131Fy 10}BIIPUy APENY usisag wiajsds ajduexy
Ayjiqeaoes) ainpoyy aiemyos

Aqey!poyy ainpoy asemyos

Burydnoy sajnpoy auemyos
Aduajsisuod ajinpoy, auemyos
Ayorjduig jeinjonsys ajnpoyy aiemyos
SSBUSAICUISEG-}}aS ajNPpOyY BeMYOS
SSBUBSIOUOD BINPOW BeMyoS
Ayixajdwo5 ainpow auemyos
SSouajajdwog sjnpoy asemyos
UOISSYOD ajnpoy; sseMyos
UOISOdLUODAG JBdYOJEJaIH JO esp)
Ayjiqeaoes, ainpoy aiemyos
JOIABYa JO AjIGISIA aINpo;W BeMYyos
Ayiqeded uoyjosajeq Jouy Aye ajnpoy aiemyos
Sanbiuyoe | UoI}eoyaA ajOAD ajI7 Jo asp
yeS s}boy ssaujoao0D aiemyos awil-jeay
yeS s}bay Ayjiqepuadag aiemyos waysks

yeS sybay Aynsas ISH
yes s}bay Awnses |AAHH
yeS sybay Aynoes ISMH

eS sj}bay Ajundas aiempiep Jayndwog
yes sybay Ayunoasg dnoig yop, QuemueWwNny
eS sjbay Aynoes jenpiaipuy aemuewnyy
eS sybay Ajunoas aiemuewn}y
yes sjbay Ajunoasg aempsepy jeunjoniys
BS S}bay josju0D ssaooy aiemyos
yes sjbay Sunipny sseooy asemyos
yes sjbay Ajunoas aremyos

18S sybay Ajyajes ISH

eS sybay Ayinosag wajsksS

yeS sybay Ayajyes IAAHH
yeS sybay Ajayes ISMH
yeS s}bay Ajayeg aiempsepy Jayndwosy
yes s}bay Ajayeg dnoig yon, sremMUeWNH
yes s}bay Ajajes jenpiaipuy auemuewny
yes sjbay Ajajes aremuewny

yes sjbay Ajayes aiemplepx jeinjoniys

yes s}bay Ajajesg aiemyos
yeS sybay Ajajeg waysks
sJaj|pueH uoljdeox3 jo asf ISMAH
Ye}Say 10} SJUIOdYDaYD JO Bs ISMMH
SSBUDAIOaYW SUL|g ABADDaY BIN|Ie4 SpOWY UOWWOD ISMAH

sia, Bopysjenn JO 8S ISMMH

| -UNY JO BSf) ISMAH
SYOBYD Suu

294

“py

sinsiy

GouelajO] yNey ajnpoyy aemMyos
Aoeunooy ajnpoyy aemyos
Buiwwes6oJ1g painjonsjs jo asp
Burdnoy ajnpoyy aemyos
Kouaysisuod ajnpoyy aiemMyos
Ayoydung jeunjoniys ajnpoyy aemyos
SSOUBAIGUISSG-}]aS ajNPOW eleMYOS
SSBUBSIOUND BINPOWW BeMYyOS
Ayxajdwog ainpoyy aeMyos
SSOUd}BjCWOD si/Npoyy BIEMYOS
UOdISAYOD eINpoyy BeMyos
JUSWIBUYaY @simdajs jo asp)

Ayqepeay ainpoyy asemyos

Ayiqepueysiapun ainpo-y aemyos
Aguaysisuog ajnpoyy aiemyos
Apoudwig jeinyonys ajnpow aiemyos
SSOUBAI}GUDSAG-j]9S BjNPOW aleMYyoS
SSOUBSIOUND BjNpo-= aeMyoS
Auxajdwoy ajnpoyy aemyos

ye s}bey ssaujoau0g aiemMyos

SSBUBAI}CUISIG-}3S aiNpOoW aBseMYOS
SSBUBSINUOD BINpOoyy BIEMYOS
Ayxajdwoy ajnpoyy aiemyos
SSQUa}ajdOD ainpoyy asemMyOosS
UOISBYOD s|Npow aemyos
UdI}!SOdWODeq jed1YyDe1aIH JO Bsr)

Ayoydwis peanjonsjs ainpow aemyos

SSQUd}A;GWI04 ajnpo-; aiemMyos
UOISBYOD siINPO|W aeMYOS
JUaWAUaY asimda}s jo asp)
Aypqesoes) ajnpoyy aiemyos
JOINEYa JO AyIGISIA aINpoyy BeMYOS
Ayyiqeded uonoajeg Jog Ayeg ajnpoyy aiemyos
Sanbiuyde} UOHEdAA B]OAD aI] JO ESF
Ayyiqeaoes) ajnpoyw aiemyos
AUIGeYIPOW BjNpoW aseMYOS
Huydnoy ainpoy aemyos
Aduaysisuo4y ajnpoyy aiemMyos

Ayxajdui05 afnpoyy asemyos

Burydnog ainpo-; aemyos
Anuajsisuoy ajnpoyy aiemyos
Ayoidwis jeunyonsys ainpoyw auemyos
SSOUBAI}GUISAG-}JaS siNPpOoYy BeMyYOS
SSOUASIOUO) BINPOWF BEMYOS

*(panuijuod) Ayo1es31PF] 1OJVIIpuy Aypengd usisag waysks adwuexy

yusWdUIaYy asimdajs Jo asf)

Aoeinooy ajnpoyy aemMyos
Buruwesbold painjonys jo asp)
Buljdnod ajnpo-; aemyos
Anuaysisuod ajnpoyw aiemyos
Aypoyduis jesnjoniys ajnpoyy azemyos
SSOUBAI}CUOSAQ-J]9S ajNPOWy BeMyos
SSBUBSIDUOD BINPOW BeMYyOS
Ayxajduog ajnpoy;y aemMyos
SSauajaidwi0D ainpow alemyos
UOISAYOD a[Nnpoyy aemyos
Ayiqeyipoyy ainpoyy aiemyos
Buydnoy ajnpo-; aiemyos
Ayouduys jesinjoniys ajnpoyy aiemyos
SSOUBAI}CUOSAG-j/aS ajNnpoW BueMYOS
SSAUASINUOD ajNnpoW BeMYOS
Ayixajdwog ajnpo-; alemyos
udIsayoy ainpoy-y aemyos
SORPa}U) PaUag-|jaAA SiNpOoy aseMyosS
Ayiqepueysuapu¢ ajnpoyy aemyos
Buipiy uoNeWojyy Jo asf)

Ayyqeeoes| ainpoy aemyos

Ayxajduoy ajnpow asemyos

AIqeyipoyy ainpoyy aemyos
Buydnoy ainpo-= asemyos
Aouajsisuoy ainpoyy aemyos
Ayoydus pesnjonsys ainpoyy semyos
SSOUSAIJGUOSEG-jJ/aS ajNnpoyy auemMyOoS
SSOUASIOUOD JINPOW BeMYyosS

yeS sybay Aqiqeyay aemyos

SSBUd}a|GdWU0D ainpoy asemMyos
UOISaYyOD ajnpoyy aemMyos
udlsodwoegq jeIIYyoJeJalH JO asp

yes sybay Ayiqeery aremyos
Ayiqepueysuapuf ajnpo-: aiemyos
Anuajsisuoyd ajnpoyy asemyos
Ayoyduis jesinjonsys anpoyw aiemyos

SSSUBANGUOSAG-}3S aiNpOo-W aiemyos
SSOUASIOUOD JINPOW BeMYOS
Ayxejdwoy ajnpo- aiemyos
Ayyiqepeay ainpoyy auemyos
SOUBIAIO] JINe4 sinpo- aiemMyos
Aoeunooy ajnpoyy aemyos
Burwiwesboidg painjonijs yo ast

295

*(ponuijuods) Ayd1esa1Fy 10,edIpuy Ay yeNgd

yes s}bey

yes

yes
s}bay aoeds Jayng eosn0s uOIssilUSUe!L ISAAH SuOI}ediuNWUWOD
jes s}baysoeds
JOUNG JOAIaday UOISSIWISUBL] ISAAH SUO}}eoIUNLUWOD
Aejaq uonebedoig ujed udIssiWsuel, ISAAH SUOT}eoIUNWWLUO)
yeS s}bay aounos uoissiuusuessy ISAAH SuONedUNWWOD
yes sjbay Aejag dnjasg uoyjoauu0d |SAAH UoNedUuNWLUOD

yes sjbey dnpaeds aiempiepyy Jayndwoy jayjesed

@PpON

Aniqeysyes

s}bay Ayiqeqoig abeyooig uoloauUO04 |SAAH UOI}eEOIUNWIWIO4
yeS s}bay uoloeuu0d UOISSIWSUBI] ISAAH SUOl}edlUNWILUO
yes sybay Ayjiqeqold A@Ayaq Jex9eq ISMAH SUOHeoUNWIWOD
uoisseadsiq JO xapu| JSAAH SUOIeoIUNWIWOD
jes s}bay aomas jo Ayjend ISAAH SuoijeotunWWw0y
J€S s}bay souewWopad |ISAAH SuoHeoiuNWWOy
1eS s}bay souew0opeg |ISAMAH Je}Ndwog
Q@poN je paads Jossad0ig BEMpPIeY sa}NdWodD jayjeseg
JOY HOOD semplepy Ja}Ndwioy jayeseY
SOPON JO JAQUINN Bemplepy s9NdWOD layered
WSI|a/2seg JO saiHaq aiempieyy Jajndwoy jayjeued
QJEY YOOlD qemplepyy Jayndwos jajesed

sjuaweinbay awl, asuodsay aiempieyy Ja}Ndwo04 |aljeseg
JS s}bay uolsioalg JOSSa00Jq BIEMPJEY Ja}Ndwio4 ja|jeied
jeg s}bay Aoeinooy Jossac0ld aiempley Ja}ndwoy jayjeied
@PON je peeds Jossecoldg Bemplepy Ja}nNdwo4 ja||Bsed
SdIW 488d Bempiepyy Ja}ndwo4 jayjesed
SdOTAIN Hempepy sayndwos jayjeied
puodas Jaq SUOI|ONIsUu] BeMpleH Ja}ndwo4y jayjeied
Ppuodas Jaq SajoAD siemplepy Ja}NGWOD jayjeveg

2PON
uoneojunwiwosy

ye paads Jossas0/g uOEsIUNWWOD aempley Ja}ndwosy jajeied
yeS sybay awiy uolynoexy auemplepy sayndwos jajjeseg
PON je paads Jossad01g aieMpIeH Ja}Ndwioy jayeseg
SdIIN 488d BeEMplepx JayNdwody jayesed
SdOTAI Bemplep Jayndwoy jayjesed
puodas Jag SuONONsu] BeMpPIeP] JOINdWO4 jay/esed
puodas Jaq SajDAD siempseH Ja}Ndwoyg jayjeed
ye paads Jossacosd UONedUNWIWOD seMpPeH Ja}NdWwoy |aljeed
aJeY YOO|D GiempPlep JapNdwogy jayjesed
snouoyouAsy jo eaibaq aiempieH Jayndwod jayeied

UsIseg we}sks sdwexy

“Py

sans

JES sybay jureysuoy Buwiy aempsepy Jajndwiog |ajesed
BIEY 490] Bempley Ja}Ndwoy jaj/esed
SdIW ed BeMpIeH Jayndwog jayesed
SdOTAI Hempiepy JajNdWwWod |aljesed
puoddas Jaq SUOI}ONSU] AeMpPIeH Ja}Ndwoyg jal/eseg
puodas Jaq SajoAD aIeMpleH JajNdwodg |ajesed
eS sybay Ayoedeo auempley Jayndwod jajjesed
yes s}boy souewwopad sempley JayNdwod ja/e1eq
@PON Je peads Jossao0/q aIEMPIeH JayNdwog jajesed
SOPON JO JOGUINN BeMPIeH JaynNdwod |a\jesed
OPON Je SIOSSBD0Jq [ENPIA ‘ON BeEMPIeH JayNdwodg jajjesed
Aouayja ABojodo yompaN auempleH Jayndwod jajjeied
Anualoiys jOd0}01g YOMJAN Dempsey] sajNdwog jayjesed
OPON Je ebes0j}s Aiowayy dempsey Jajndwod |ayjesed

ye paeds Jossao01g udl}eOUNWWOD aueMple} Jayndwod |ajeled
SIOJEOIPU| SINOSPYOUY QIEMPIEH Ja}Ndwodg |a||esed
yes s}bay Ayyiqejnpayos euempley
yeS sjbay ouljpesg pep asempsle}Y
aU, 4899S O/|

Aauajye] ¥S!G O/|

@PpOoN

ayey Jajsuell e}eQ O/|
yeS sjbay Aouaiys O| seyndwoy
ew, asuodsay aempsey sayndwog
JBS sjbay souewsopad aiemple} Jayndwiogd
eS sjbay aoueuopad wajskS

siempleyH
auempey
aempley
srempiey

jeunyonySs
jesnjonyjs
jesnjyonys
jesnjonys

yes sybay Aypqeaiaing wajsks

eS s}bay Aynoes
yes sjbey Ajajes
yes sybay Aypqeyay
yes s}bay Ayqeyeay

1eS s}bay Ayjiqepuadag aiempiey yeunyonsjs wayshS

yeS s}bay jojuoD ssaooy aiemyos
eS s}beay Buljipny sseooy aiemMyos
yes s}bay Ayunsas aiemyos
yes sybay Ajajeg aiemyos
Ayiqepuejsuapur) ejnpoyy asemMyOS
Anua}sisuod ajnpoyy aeMYyoS
Ayaiduuig jesnyonays ajnpowy aemyos
SSBUBAI}AIOSAG-}aS sINDOW Bemyos
SSQUSSIDUND BINpOoyy BeEMYOS
Ayixajdwod sinpoy;y asemyos
Ayjiqepeay ainpoyy aaemyos
BOURIZIOL YNeY sjNpOyy BIeEMYOS

296

“Jy

aansiq

[SMH SuojediunwWO0d

eS sjbay souewwopagd sui -jPay-UON ISMH suoiedunWWwoD

yes sybayAyiqeyay puy-0}-Puy

JeS sybay Ayiqeqosg ABAaq Jex9ld ISMH SuOHeoiUNWWOD
JES s]bay punog aut) Jaye ISAAH SuoHedtunWWOD
J8S sjbay awi, uoissiusues; papunog |SMH suoedunuWwoD
yes sjbay souewoped awis-jeay ISAAH SUOedIUNWLUOD
yes sybay jndyBnosy, uoyeuoju] ISAAH SUOHeduUNWWOD
yes sybey Aejag yaxoed ISMAH SuoHedunWWOD

eS sybay jndyBbnoiy, sempiepy sayndwog jayjeued

@PON Je paads Jossadojg aempleH Jayndwoy |ajjesed
Q@ZIS Walqosd 0} Ayiqeying AGojodo), aiempseH JayNdwody jayjesed
SSBUBAIOAY
ABayesjg uoneooyy se) empsep Ja}Ndwog jajesed
SSOUAAIEY
UOHNISIG-aouR|eg peo} BempleH Ja}nNdwody jajesed
UONEZIII() JOSSAD0Ig BIEMPIEH Ja]Ndwoyd jal|esed
@PON je peads JOssa00ig BIEMPIEH JayNdwod |ayjesed
peads uonesiunwwos J0S$390Jq-Ja}U] BIEMPJEH JaINdWOD jajesed

Auiqeysijes yuresjsuod Ayyiqejnpayos yse oweutsg
Ayqeysyes yuresjsuod Ayiqeinpayos se) aieMYOS

SdOT4IW Bempiey Jajndwoy jayesed
puodas Jag SUOIONJ}suj aueMpPIeH Jayndwod |ja||esed
Puodads Jaq SajOAD aIeEMpPIEY Ja}Ndwiody jayjesed
@pon
ye paeds Jossac0/d uoHedUNWLUOD sJEMPJEH JA}INdWOD |a||e1ed
aJeY YOO} Giempley Jayndwiog Jayjesed
uonesiuNnwWWo0’)
snoudgiyoudsy jo sasGaq aiemplepy Ja}ndwody jajeued
yes sybay juresjsuoy Buiwi, aiempsepy Jayndwody jayjesed
aJeY YOON aempley Jayndwioy jayesed
SdIW 4eed BeMpPeH JayndWod ja||esed
SdOTAW Gemplepx Jajndwod jayjesed
PUuddaS J3q SUOIONIJsU) eMpieH Jajndwiog jayjesed
PUDIS Jaq SAajOAD asempieH Ja}jndwog jayjeseg
yes s}bay Ayoedey aiempiepy sayndwod jajjesed
yes s}bay souewwoped aiemplepy Jayndwoy jajeseg
}SOD UONdWaald Ajiqeinpayos yse]
j9A97 Bunuwe6oid-yjnyw Ayigejnpayos yseL
Ayuqeysnes yuressuod Ayiqeinpayos yse| O18}S
SOD uoNdWaerg Ayiqejnpayds yse)
jane BuresBoig-1
nw Aypqejnpayos yseL
Ayiqeysies sjulesyjsuod awiy aseajay yse aeMyos ow] -jeay
Ajiqeysijes syulesjsuoD Buapacdsd YSE | BIEMYOS sui) -jeay
yes s}bay auiyjpeaq pueH aiemyos oul)-jeoy

*(panunuod) Ayase1aif{ 40j;BIIpUT APPENY UsIsag wiajysks ajdwex|
yes sjbey soueuopsd jeyuay s0}eEsadO

yybue7 yIyS
Ayxajdwod jSH

Ayxajdwod IMHH

Ayxa|dwoy aoepayul ISH

alu | asuodsay soepajul ISH
aul] esuodsey UeWINH ISH
Ayiqeysies sjurejyjsuog Bulwly uoyjoesazuy ISH
ayey JOU UEWNH ISH

apoN

Ayqeysyes

yeS sybay soueuwopad
Je paeds Jossaq0/g BIEMpieH Ja}NdWo4y jayjeseg

suempiepH Jeyndwoy jayjesed

(SH

sis Buluoseay
Saniqy sauBod J0}e13dQ
eS s}bay soueuopagd aaiiubog JoyeiadoO
jeS s}bay souewopad jenpiaipuy JojesadoO
JES s}bay soueWWOpad saAles}siuIWply
yes s}bay eoueuwoped aiemueWwn}y
ayey JOU sepayu] ISH
Adenbapy Buruies, 10}e18d0 ISH

Ayixajdwiod IMHH

eS syboy Apiqeydaooy peopyo,, |edIsSAyg aueMUeWN}
}eS s}bey uonjusrsig onbiyey jeoisAyg aemuewnyy
Ayend ssauy4 jeaisAyg 10}e18dO
Ayjend ssauyp4 jejuayy JoyesadoO
yes sybay soueinpuy aouewwoYey weajs yse] s0}eJadO

PON

owt, asuodsey

aJeY YOO|D Guempsepy Jajndwoy |jajjesed
S8PON JO JOQUINN SleMPIeY sayndwosy jay|eseg
WSI|S|[/BJeg JO aaiHaq aieMpse} J9}NdWO0d |ajesed
jBS sjbay dnpaeds arempsey Jayndwios jayesed
BJEY YOO|D Sempsepy JaNdwoy jayjesed

Sjuawainbay

JES sybay uoisidaig JOSSad0ig SIEMPIEH Ja]NdWOD jajesed
BS s}bay Aoeinooy Jossad0ig aiemple}y Jayndwoy jayesed
@PON Je paads Jossedo0lg aleEMplepY Ja}NdWo4D jayjesed
SdIW Ae8d BeMpsey Jajndwod |a|/eseg
SdOTAW qempley sayndwo4 jayjeseg
Puddas Jo SUOIONySU] aIeEMPJEHY Ja}Ndwoy jayjeied
Puodas J8q SajoA_D aJEMpeY JajNdwod ja/esed

ye paeds JOssad0/q UONJED|UNWILUOD SIEMpJeY JaINdWOD jajeseg
eS sjbay sul) uoynoaxy asempsepyy sayndwoy jayjesed
@PON je psads Jossad0!g BIEMPJEH Ja}NdwWo4 ja/esed
SdiW Yeed aiempiey sajndwoy jayjeseg

297

‘py

ans

yes s}boy ajey uoyadwioy yse, JoyesedO
UOISIA,

SINS papeo7 peads

SII!YS JoyOWOYDASg
SINS JOJOW SSOIH
SHINS jenydaou0D
S|IYS SUOT}EOUNWLUOD
uolIpny

sanuiqy 1ea1skud

AyyenH ssauj4 jeyuayy soyesadO

JDO
JDO
JOO
300
JOO

Ayniqeyns jare7

JES s}bay soueWJOped jeoisAyd JO}eJadO

JUaIquUY
yusiquiy
JUaIquiy
juaiquiy
JUsIquiy

YSEL [BUS

Ayixajduiog ysel jejuayy
Ayjyiqeydeooy Ajyisuagq uolneuuoju|
Ayixejdwoy ude ws0ju|
Ayiqeydaooy soijsuayoeseyy yse, jejueyy

Ayqeydacoy Ayjeoqug yseL (ejuayWy

AYAON

Ayend sty uaiquiy (490) JueuiuouIAUA josjUOD jeudI}esEedO
Ayiqeydacoy aiunjoniys yseL
Ayyiqeydaooy awl punoseuin) pasinbey 4seL
Ayiqeydaccy ajey yse1 jeUaW

AWIGEHNS PUIAA
Ayiqeyng jane7 eunyesadwia)
AyIQe}WNS J9A97 SION
Ayiqeyins jaaeq Guyybrq
AWIGeyNS SuOHIPUOD

YSEJ 0} Aytiqeying jeyuayy soyesadQ

Ayjiqeydacsy saiyiqedes anjpuboD soyesadO
BS s}bay ayes jesnoiy sojesedO

yes s}bay souaiedx3 sojesado
Ayjiqeydacoy ajAjg uoisioag s0}e18d9

Ayyiqeydacoy ajyeys jeuoneanoy soj}esadO

Ayiqeydeooy saniiqy |ea1sAy 10}248dO

Aijiqeydacoy sig s0JoWOYoAS, 10}219dO

Ayyiqeydsooy Buiures) soyesado
Ayiqeydecoy saizjiqy Aiosuas s0jyesadO

AyjenD waysks Ayyyn |euosiad

Ayiqeydacoy suojoey Buideys souewwopad 4se 1

AyNYIG ySB) eAHoelqO

Auiqeydacoy ssasjg paeds
Ayipqeydeooy eoueusjuieyy eoueryi6iA JoyeEs9adO
Ayiqeydacoy Alnowiq ySeL Persad JO}e19dO
Ayyiqeydacoy jejuajog anbiye4 soje1ad0

*(ponuijuod) AyoaBsatp{ 10) vdIpuy Append usiseg wasks adwuexy
juresjsuog Auejnqeso, yuaju04 xa] pty gor

Ayoyduig JuaUoD }xe_L ply gor

AyyyQe}}o.Uucg ply gor

32S 19997] JUSJUOD xOL Ply gor
AyAd1g JUBJUOD XO] Ply gor
Ayiqupeay juayuod 3x91 ply gor
SSOUSAISUBYAIGWIOD Ply gor

yes sybay Ayjend pry qor

souBjsissy jO sSauljawi) ply gor
Ayiqnedwuog jeuoyenys piy gor
aourjsissy jo Apjeno

Ayiquedwog aaniuboo pry gor

LVL painbay winwiwuiulW se 1

Adenbapy seounosey juawysijdwooy yse 1
Adenbapy sounosey juauysi|duosoy yse 1
yes s}bay Buruiesy soyesado uewny
aousvedxy

AWNGEUNS YSE1-0}-|1!4S 0}e1adO

yeS s}bay ajey uonajdwoy yse) JoyesedO

JES s}bey soueuWOpad dnoig-wee) sojesado
Ayxaydwod jeunpac0lq

Ayxajdwoy yse

Ayuiqesn pry gor
Ayiqepueyssapun juajucd ply gor
Ayiqesajay ply gor
SUOD| JO Sf Ply gor

yulesjsuOD Aejnqeso,A yuajuoy }x9] ply gor

Ayolduig yuayuod 4xe] ply gor
8ZIS J9Y9] JUBJUOD }XOL Ply gor
AyAB1g JUBJUOD xa Ply gor
Ayiqipeay juayuod yxo1 ply gor
Ayiiqeyjosyuod pry gor

ply gor

yeS sybay AWend piy gor

SSBUdAISUBYasdWOD

souejsissy JO SSOUljawly ply gor

Ayjiqnedwog jeuoyenys ply gor
Ayiqnedwog aayubo9 pry qor

aouejsissy jo Apeno

LVL pauinbay winuiwuulyy 4seL
Adenbapy seoinosay juawysi|diuossy yse)

yes sybay Buruies

Adenbapy aonosay juawysi|duooy yse 1

s0yeE1xadO ueWwNY
aoualadxg

AUIGEWNS YSe1-0}-||14S 10JeEIadO

298

Ayiqeded

“["y aainsiy

Ayjiqepueyssapun juazuod ply gor
Ayqesajay ply gor
SUOD| JO aS) Ply qor

Ayiqesn piv Gor

yes sybay Ajjiqeydeooy peopyon, jeoisAyg aemUeWNY
yeS sjboy uoiyusaaig anbiye4 jearsAyg ssemMUeWINY
Ayeny sseupy jeaisAyd s0yes3dO
Awyeny sseuyy jeyuayy s0jeE19dO
€S s}bay souesnpuy soueUWOpag Wea}S ySse) J0}e19dO
Ayxajdwoy jeinpscoid
Ayxajduioy yse

yy6ua7] wus
Ayxaidwod ISH
Ayixa) dod 1MHH

yes syboy Ayiqisea4 aremyos ewi-jeay
eS sybay Bussuibuy soueuoOpag BIeMYOS sw) -|Boy
yes sjbay uonepesBaq [njaoesg aemMYOS su) -jeay
JES sybey soueWWOLag BJEMYOS

JES sybay Apqeurejurey) aeMyos sai) -jeay

JES sybay Ayoyduuig aiemyos oui j-leay

Ayiqesn aemyos aw) -eay

Buyjdnog ajnpoyw asemyos
AQuaysisuoyd ajnpoyw aemyos
Ayoydung pesnjonijg ajnpoyy aemyos
SSOUBAIGUOSEG-}/8S sjnpoyy BeMYOS
SSBUASIDUND ajNpoy- aleMYyOoS
Ayxajdwioy ajnpoy aiemyos
SSsauaja|dwoy ajnpo-; ssemMyos
UOISBYOD sjnpoyy aleMyos
UoljIsodwo0ag jed1YyoseJaIH JO asf)
Ayyiqeaces) ajnpoyy aiemyos
JOIABYag JO AjliqisiA aiNpow BIeMyOS
Ayjiqedey uoinoajaq 1019 Auey ajnpo- aiemyos
sanbiuyoa UoHedyeA ajoAD aji] jo asp)
BS s}boy ssaujoau0yg aemyos aul] -jeoy
Ayjiqesayaid Jas) sIeEMYOS aul) -|eay

ANIGeYIPOW aiNnpo; sieMyos

SSOUBAIGOSEQ-}/8S anpo- aemMyos
SSBUASINUOD BINpOW BeMYyOS
Ayxejdwog ajnpo= siemyos
ssauajajdwo4y ajnpoyy suemyos
UdIS@YyOD ejnpoyy BeMyos
JUaWaUay asimda}s jo asf)
Ayipiqesoes) ajnpowy aaemyos

*(panuijuos) Ayd1e131F] AOJEIIpUT AVENY usisag ulayshg aduexy]
Ayxajdwoy ajnpoyy asemyos
ssouajajdiuo4y ajnpoyy aiemyos
udISsYyOD as/Nnpo-: aemyos
juaWaUyay asimdajs jo as-)
Ayyiqeaoes, ajnpoywy aiemyos
Joineyag JO AyIGIsiA BINPOW BeMYOS
Ayyiqedes uoljoej}aqg 104 Aye ajnpo-w siemyos
Sanbiuyoa | UONeDjaA BJOAD ayi7 JO asN
Ayyiqesoes) ajnpoy-y aemyos
AVIGEYIPOW BINPpOW eMYyoS
Buyjdnod ajnpo-= aemyos
Aduajsisuod ajnpoyy asemyos
Ayoydwuig jeanyoniys ajnpoywy asemyos
SSBUBAI}COSAQ-j/8S BjNPOW auemyos
SSBUABSIOUOD aiNPOW sieEMYOS
Ayxa}dwoy ajnpo;w aemyos
sSauajejdiu0y ainpoyy aeMyoS
UOdISeYyOD asjnpoyy AeMyos
uoisodwosag jedYyoesaipy Jo asf)
yes s}bay ssaujyoa05 alemyos
1eS s}bay jndyGnosy) waysks aemyos
yeS s}ybay auilj asuodsay wajshs aiemyos
JES s}bay SOUeWWOLaY BAIPBaY BIEMYOS Jw} -jeay
Buljpuey soyey jeAwy jsanbay aulq-uQG aemyos aij -jeay
J€S s}bay Suypuey ayey jeAWJeIa}U) @UIJ-UGE BIEMYOS suis -jeay
JES s}bay siasp juauNDUO4y 40) Ayoeded aiemyjos aul | -jeay
Ayoeded SOUuRUNOLed SUIT-UO SIEMYOS au j-jeay
NES s}bay aunjo, eyeq yojeg aiemyos ouj-jeoy
eS sjbay soueuvopad yojyeg BJEMYOS au] -jeay
yes sybay Ayoeded peopuopy aiemyos auiy-jeay
Ayyiqepuejsiapuy ajnpow asemyos
Anuajsisuod ajnpoyy aiemyos
Ayoyduis jesnjonys ajnpoyy aemyos
SSOUBANMUISEG-}9S ajnpow BemMyos
SSOUBSIDUND BjINpoyy BeMYOS
Ayxajdwog ajnpoyy aiemyos
Ayiqepeay ainpow aemyos
BOUBIZIOL JNe4 ajnpo-w aemyos
Aneinooy ainpoyy aemyos
Burwwes6o1y peinjoniyjs jo asp,
Buyjdnoy ajnpo=w aemyos
Aduajsisu0d ajnpoyy aemyos
Ayoyduis jeanjonays ajnpoyy aemyos

299

“py

ainsi

yes s}bay juawaujay wajshS

Ayjentd uoieso7] jeuoNesedoO 0} uolepodsues| waj}skS
Ajiqedeg Ajddnsey sajqepuadxy jeuoinesadoO wayskS

Ayqeoyddy ajoAQ ay] wayshs

yes sybay AyiqeAojdag wiayshS

yes s}bay Ajajes auempiey

Ayqeysyes jusesyjsuod souejsisay pjaiA aiempsey
Ayyiqeysyes yuresyjsuod souesajo} uoHeiqiA aiempley
jes s}bay ssauyns jeuoissoy aiempuey
eS sjbay asouejsisay ainjesedway aiempsey
yes sybay Ajyyiqeureyweyy qsempsey
yes sybey aj] eoiwias quempley

SOURIIIO] YNeY ajnpoyy aiemyos
Aoeinooy ainpo- aemyos
Buiwwesbo1g paunjoniys jo as-)
Hurjdnoyg ajnpoyy aemyos
Aouaysisuoy ajnpoyy aemyos
Ayoyduuig jeanyonyg ajnpoyy aemMyos
SSOUBAI}GUDSIG-}]9S ajNPO- BeMyYOS
SS@UBSINUOD BjINPOW BeMYyOS

Ayiqepeay ainpoyy aemyos

Ayiqepuejsuapup ainpoyy asemyos
AQuajsisuoy sjnpo- aemyos
Ayoyduis yeinjonsyjs aynpow aemyos
SSOUBAIGUOSEC-}EaS aINpoWy aeMyYOS
SSQUBSIDUOD BINpoyy BIeEMYyOS
Ayixajdwoy ajnpow; aremyos

Ayiqeysnes yureysuod Ayiqeinpayos yse) oWeUAG
Ayiqeysyes juseysuod Apigeinpeyos yse| aseMyos

Aiqeysyes yuresysuod Ayjiqejnpayos yse} oNe}S
JSOD UoHdWaad Ayjiqejnpayos yse)
jane] Burwes6olg-nyy Ayjiqeinpayos yse 1
Ayiqeysiyes sjuresjsuoyD aw aseajay ysey aemMyos auly-jeay
Aypqeysnes sjusessuoD aouapacasyg YSP] BIEMYOS sui] -|eay
eS sjbay ourjpeag pseyH aiemyos awis-jeoy

[eae] BurwwesBoid-Hinyy Ayiiqeinpayos se 1

}SOD UONdWaal Ajiqeinpayos yseL

JES sjbay souewojag alempley jesinyonsys

(uoyeinp ‘gp) ainsodx3 asion jeUa}0q
Auiqeysnes juresjsuoy souesajO] SSION GIeMpey
yes sjbay aouajsisay aniye4y aempiey
yes s}bay peo] sapun uoyoayaq aiempley
Ayiqeysyes juiesjsuos aouejsisay Buyyjong aempley
Ayiqeysyes juieysuod yj6uajs Buipueg ssempiey

Aen

*(ponutjuod) Ayd4esatp AOJVIIpUT APPENY usisag wajsks ajdwexy

Ayxajdwog ainpo-: asemyos

Buydnos ajnpo-;y aiemyos
Ayayjdwig peanjonijys ainpoyy asemyos
SSOUSAI}GISEG-jaS sjNpOoW aeMYOS
SSOUBSINUOD BjNpoyy aieEMYOS
Ayixajdwog ainpo- aemyos
UdISaYOD sINpoy, aseMyos
SOBPajU] PSuyad-||aAA aINPO-W aemyos
Ayjiqepuejyssgpun ainpow asemyos
Buipip uoHe WOU] Jo ssp
Ayqeeoesy ajnpoyy aiemyos
AWIGeYyIPoyy ajNnpoyy a1emMyos
Buijdnoy ainpo-= aiemyos
Anuajsisuod einpoyw aemyos
Ayouduug yeanjoniys ajnpoyy aiemyos
SSBUSAI]CUDSAQ-aS ajnpoyy aieMyos
SSBUASIOUND sINPoyy BIeEMYOS
SS8Ud}B|GWIOD aiINPO-W BeMyos
uoIsayod ainpo- aemyos
UOIPISOdWIOIEG JEDYOeJaIH JO asp
Ayyiqepueysiepun ainpoyy aemyos
AYGeyIpoyy ajnpoyy BeMyOS
Buryjdnoyd ajnpo- asemyos
Ayondurs jesnjonsjys ajnpoyy asemyos
SSOUBAIJCUDSAG-aS ajNpoyy BIeMYyOS
Ssauasiouog ajnpoyy aemMyos
Ayxajdwog ajnpoy,y asemyos
udIseyoD ainpoyy aemyos

ssauaja|duo4y sjnpo-;y aemyos

Ayiqepuedxy ainpoyy asemyos

Ayixa|duoy ajnpoyy aiemyos

uoljisodwosaq jeuoioun, jo asp
Ayiqepueyssapun ainpoyy aiemyos
Ayiqeaoes) ainpoyy asemyos
Ayiqepesy ainpoyy aemyos
Aypqeyipoyy ainpoyy asemyos
Aylaiduig jesnjonijg ajnpoyy aiemyos
SSOUBAICUDSSG-}aS BjNPOW aeEMyosS
ssauasiouos ajnpoyy aiemyos

yeS sybay Ayqeureyweyy aiemyos

uoleyUuaWNDOG jUBINDUOD Jo asf

jeg s}bay soueuajuieyy Wajsks
yes sybay AyyiqejoAoay wajshs
JES sybay Ajiqesodsiq waysks

300

“['y ensiy

AWIQeyipoyy ainpoyy asemyos

Ayjiqepuejssapun ainpoyy semyos
Aouajsisuod ajnpoyy aiemMyos
Ayoyduig jesnjoniysg ajnpoyy aemyos
SSQUBAI}CUOSAQ-j/aS ajnpoyy BeMYyOS
SSOUBSINUOD BINDO-W BeMyos
Ayixajdwog ajnpoyy aemyos
Ayiqepeay ajnpoyy aemyos
BOUBIB|OL yNey ainpoyy aemyos
Aoeinooy ajnpoy- aemyos
BuluwesGolg pasnjonijys jo asp)
Buydnog ajnpo-= aemyos
Anuajsisuoy ajnpoyy aiemyos
Ayiouduais jeinjonys ajnpoyy asemyos
SSOUDAI}GHOSEQ-jjaS BjNPpOW BeMYOS
SSBUBSIDUND BINPOW BeMYOS
Ayixajdwod ainpow; aemyos
Sssauajajdwioy ajnpoyy aemMyos
uoisayod ajnpoyy aemMyos
JUBWAUYOY BSIMds}S jo asf

Ayiqeureyuiey asempiey Jayndwoyd wayshS

AqewewureW IMMHH We}shS
AyenD uejg aoueuajueyy Guyaeulbug wayshs

Ayiqeueyurey [SMH Wa}skS
Aypiqeureywey |SH WaysksS

yeS syboy Ayiqey!poyy wWajshs
Ayiqeusejuieyy ssempseH jeunjonsys wayshs
Aweny yoddng esoueuajuieyy wayshS
Ayyene Ajddng Ayyioe4 aoueuajuieyy wayshS
Aen soyesado Apioe4 soueusjuleyy WayshS
AyjenD eajesjsiuiupy Ayjioe4 eoueuajuleyy WayshS
Ayend Aypjoe4 soueuajuleyy wayshs

yes sybay Ajiqionpolg Wayshs

ANILGeYIPOW ainpow aieMyos
Apoydusig jeunjyonys ainpo-= aenyos
SSOUBAI}AUOSAG-j9S ajnpoyy BIeEMYOS
SSBUBSIOUOD Z/NPOWy BIEMYOS
Ayxejdwioyd ajnpoy-y aemyos
uonejuauinoog JuaNIUOD JO asp)
eouspuadepy Laj}shs Hulyesedo jo asp)
eouspuadapuj 8d1A8q JO asf
JES sybay Ayiqeyod aemyos
yeS s}bay Aqqionpold IMAHH Wash
yes sybay Ajyiqionposg aiempiey JajNdwoD wejshS

*(ponurjpuod) Ayoivsalpy 10z;BIIpuy AWENY usisag wajsks ajdwexy
Buljdnoyd ajnpoyy auemyos
Anuaysisuod ajnpoyw aiemyos
Ayouydwis yeunjonsjsg ajnpoyy aemyos
SSAUBANCUISAG-}!8S sjNPpoyy BeMYyOoS
SSO8UBSIOUOD ajNpo- aemyos
Ayixajdiuo5 anpo;w asemyos
ssaudajajdiuosy ainpoyy aiemyos
UOISBYOD ajnpoy; aemMyos
uolSOdwi00eGg JBDIYOJBJaIH JO esp
Ayiqepuejssepunr ajnpoyy aiemyos

AWiqeylpow ainpoyy suemyos

Buydnoy ainpo-: aemyos
Ayouyduig yeinjonsjg ajnpoyy aemyos
SSOUBAICUDS8G-aS aINpOW BIeEMYOS
SSBUBSIOUND aINPoYWy AIEMYOS
Ayxajdwod ajnpoyy aemMyos
SSsauaja|dwoy ajnpoyy aemMyos
UOIS@YyOD ajnpoyy aeMYyos
Ayiiqepuedxy ajnpoyy aiemyos
uolysodwooag jeuoljouny yo asp
Ayjiqepuejssapur) ajnpoyy auemyos
Aypqeaoes, ajnpoyy asemyos
Aiqepeay ainpoyy aemyos
AMIGey!PoW ainpoyy aseMYyoS
Ayoyduyg jeinjonsys ajnpoyy aemyos
SSOUBAIGUISEG-HaS ajnpoW aIeEMYOS
SSOUBSIOUOD BINPOW BIEMYOS
Ayxajdwoy ajnpoyy aiemyos
uoneyUuaWNI0G JUuaNDUOZ Jo asf
yes sybay Ajpiqesnay aemyos
Ayiqepuejssapup) ajnpoyy aiemyos
AWGeyipoyy ainpoyy aeMYyoS
Buljdnoy ajnpo-;y asemyos
Apoyduis jesnjonsjsg ajnpoywy awemyos

Ayjiqepeay ainpoyy aiemyos

SSOUBANCIOSAG-jES BINPpOoyy BeMYOS
SSBUASIOUOD BINPOW BIEMYOS
Ayxajdwoy ajnpoyy aemyos
ssauajajdwoy ajnpoy; aiemyos
UudISBYOD aiNnpo- aIeEMYyOS
Ayjiqepuedxy ajnpoy,y aiemyos
uoljsodwooeq jeuolouNn jo asf)
Ayiqepueysuapun ajnpoyy aiemyos
Ayyiqesoes] ajnpoy-y aiemyos

301

py

aansiq

SSQUd}BIGWOD aiINpo- sIeEMYOS
UOISBYOD s|NpO-W aseEMYyOS
udIsOdw0saq |EdYoeJaIH JO asf]
BS s}bay ssaujoe109 alemyosS
ANIGeYIpoW sinpow BeMYyoS
Bujdnog ainpoywy aseMyos
Ayloyduis jeunjonsys ajnpoyy asemyos
SSOUBAI}CUDSAG-}aS BjNpOW aeEMYyOS
SSBUBSINUND BINPO-W BeMyoS
Ayxajdwog einpoyw aiemyos
UdISBYOD ajNpoyy BeMYyOS
BOBLA}U] PSUYaQ-|aA\ Binpoyy BeMYOS
Ayiqepueysiapur) ajnpoyy aemyos
Buipiyy uoneuojuy JO asp
Ayyiqeaoes, ainpoyy BeMyOoS
AWIGeyYIpoyy ajnpo- BeMYosS

Ayixajdwoy ajnpoyy aiemyos

SSOUBAIJAUOSAG-JJaS sjnpOWy BemMyos
SSOUBSINUOD BINPOW a1eMyoS
Ayixa|duog ajnpoyy asemyos
Ayiqepeay ainpoyy asemyos
SouesajO4 WNe4 ajnpoyy alemyos
Aoeinody ajnpoyy aiemyos
Bulwwes6oig painjoniys jo asf)
Buyjdnog ajnpo-= asemyos
Aouaysisuod ajnpoyy aemMyos
Ayioyduig jesnyonsjg ajnpoyy aemyos
SSOUBAIMUOSAG-JJaS sinpoyy aseEMYyOS
SSBUBSINUND SiINPO-W BeMyOS
Ayxajdwogd ajnpoyw aiemyos
SSOUd}A|GWOD aINPoW aIeEMYOS
UOISBYOD sINPo|W BeMyos
JUBWaUYaYy asimdej}s jo esp
Ayyiqeaoes, ajnpoyy aemyos
JOIABYag JO AjIIGISIA Bjnpoyy aseMYyOS
Ayyiqedes uonoajag 1019 Ae ajnpow aemyos
sanbiuyoe! UONeoyNaA, ajoAD aj! Jo asf)
Ayiqesoes) ajnpoyy asemyos
ANNGeYIPOWy aiNpo- BeMYyoS
Buijdnoy ajnpoy,y aiemyos ©
Anuajsisuod ajnpoy-y aiemyos
Apioydung jesnyonsjg ajnpoyy aemyos
SSSUDAIJCISSG-HeS ainpo- BeMyos
SSIUasINUOy ajnpoyy BieMYOS

*(panurjuod) Ays1esdPY AOBIIpUy ApENY usiseg wajsks aduexy
Buydnoy ajnpo-= aemyos
Ayonduurs jesnjonays ajnpoyy aseMyos
SSOUAAI}CUOSAG-jJaS ajnpoyy aseMYyoS
SSQUBSIDUOD BINPOW BeMyos
Ajixajdwog ajnpoyy aiemyos
udIsayosd ajnpoyy aeMyos
SOBLS}U| PSUYSQ-||SAA BINPOYY BIeEMYOS
Ayiiqepueysiapun ainpoyy aiemyos
Bulpiy uoleuoju] JO asf
Ayiqeeoes | ajnpoyy aemyos
AWIGeYIPOYY ajnpoyy BeMYoS
Buijdnoyd ainpo-: aemyos
Aduaysisuoy ajnpo-y aemMyos

Ayoyduuis jesnjonyys ainpow- aemyos

SSAUBAI}CHOSAQ-}aS BINPOW aemMyos
SSBUBSIOUND Bjnpoyy aJeEMYOS
Ajixajdwoy ajnpow; aemyos
ssauajajdiuo4 ajnpoyy aemyos
UdISaYyOD ainpo,y aiemyos
UdIP!SOdWi0DEG JBdIYOIEJAIFY JO aS)
Ayyiqepueysuapuf ajnpoyy aiemyos
Burdnoyg ajnpoy,y aemyos

AyNqeyIPoW ainpoyy aemyos

Ayoyduis jesnjonays ainpoyw aiemyos

SSaUBAI}dUOSaG-jaS ajnpoyy aeMyos
SSQUSSIOUND BjNpoy BIeEMYOS
Ayixajdwod ainpo- aemyos

ssouajajdwoy ajnpoyy aiemyos

Ayjiqepeay ajnpoyy aemyos

UOISAYOD aINpo-: aemyos
Ayiqepuedx ajnpoyy aaemyos
uoljsodwooag jeuoljouny jo asp
Ayiqepueyssapun ajnpoyy aiemyos
Ayiqeaces, ainpo-= aemyos

yeS sybay Aiqeureyueyy asemyos

Ayiqey!poyy ainpoyy aemyos
Ayoyduis jesnjonys ainpoyy auemyos
SSQUBAI}CUOSAG-}JaS ainpoyy BIEMYOS
SSBUBSIOUND BINpOyy BIeEMYOS
Ayxajdwo4y ajnpo-=y aemyos
uonejuaWND0Gg jUusINDUOD jo asf

Ayiqepueysiapur ajnpoyy asemyos
Adua}sisuo4 ajnpoy,y aeMyos
Ayoyduurg yesnjyonyg ajnpoyy aiemyos

302

“[°y ons

AUQEYIPOW aiNPoy| BIeMYOS

Ayoyduuig jesnjonsys ajnpoywy aemyos
SSBUBANCUISAG-jaS sINpoyY aeMyos
SSQUBSIDUOD BjINpow aemyos
Ayxajdwog ajnpo-; siemyos
ANIQepeay ainpow BeMyos
aouesajo! yne4 ajnpoyy aeEMyOS
Aoeinsoy ajnpoyy aemyos
Burwesbolg painjonijs jo asp
Buijdnoy ajnpoy- aemyos
Anuajsisuod ajnpoyy aiemyos
Ayronduurg jesnyonsyg ajnpoyy aiemyos
SSQUBAI}GUOSAG-}aS aINPpoyy BeEMYOS
SSBUBSIOUND BjNPoW siemyosS
Ayxajduog ajnpo;w aemMyos
SSOUBJA|dWOD BINPOW BeMyYoS
UDISBYOD ajINPo|W BseMYOS
jUaWsUyaY asimdajs jo asf

Aduajysisuoyd ajnpoy; aenyos

Ayjiqepueyssapun ajnpoyy asemMyos

yes sybay Ayiqionpold ISH Wa}shs

SSOUBAI}CLOSAG-}}eS ainpoyy aemMyosS
SSBUBSINUOD aiNnpoyy BieMYOS
Ayxajduos ajnpow asemyos
SSQUd}a|GWIOD ainpoyy BIeEMYOS
UOdISAYyOD ajNpo|- BeMyos
UOISOdWOIAEG JBd1Yoe1aIH JO es/)
yeS S}bay ssaujoa0Dg aemMyoS

Ayordwig jesnyonsyg ainpoyy asemyos

UdISSYyOD sjNpoW BeMyoS
JUaWaUyoY asIMdajs JO asf
Ayyiqesoes, ainpo;w aiemyos
JOIAB Ya JO AjlligisiA ajnpoW asEMYOS
Ayiqedeg uoqoajaq Joy Ayey ajnpo-; aemyos
sanbiuyoe| uolyeoyUap ajoAD ay] JO Sf)
Ayiqesoesy ainpoyy Bemyos
AWIQeYIPOW! ajNpoyy aeMYOS
Buijdnoy ajnpow aemyos
Anuajsisuod ajnpoyy aiemMyos

SSaUa}a|dwW0D ajiNpoIW SIEMYOS

Ayiorjduurs yesnyonsys ajnpoyy auemyos
SSOUSAI}CUOSAQ-}8S siNnpoy; siemyos
SSBUASINUND BINPO-W BemMyos
Ayixa|dwoy ajnpo;w aemyos

*(panunuos) Aydsesaipy Aoyeaipuy Append usisag waysks adwuexy

Auigeyipow ajnpoyy aemyos

Ayjiqesoes) ajnpoy aemnyos
Ayiqeypow ainpo- aemyos
Bujdnosy ajnpoyy aemyos
Aduaysisuoy ajnpo-; aiemyos
Ayoyduuig jeunjonsys ajnpoyy auemyos
SSOUBAICUOSAG-JaS ajnpoyy aueMYyos
SS8UBSINUDD ainpo-: alemMyos
Ayixajdwioy ejnpo-y aiemyos
ssauajajdiuo04 ajnpoyy aemyos
UOISAYOD sjnpo- BeMYyOS
udISOdw09aq |BdYOJeJaIH JO asp
Ayiqepuejsuapun ajnpoy- aiemyos
Huydnoy ajnpo-=y aemyos
Ayoyduuis jeunyonsysg ainpo-w asemyos
SSQUBAICUOSAG-JjaS BINpOW BeMYOS
SS@UasiIoUdyD ainpo-; aiemyos
Auxe|dwog ajnpo-; aemyos
ssauajajdwo4 ajnpoyy aemyos
UOdISaYyOD ajnpoyy aieMYyOS
Ayiqepuedxy ajnpo-w aiemyos
uolsoduiosag jeuoljouny jo asp)
Aj|IGepueysiapul ajnpoyy aiemMyos
Ayjiqeeoes, ajnpoyy asemyos
Ayiqepeay ajnpo-= aemyos

AWIQeyIPO-: einpo-= aemyos

Ayoyduuis jesnjonsjg ainpoywy auemyos
SSBUBAI}GLISAG-}aS ainpo-= asemMyos
SSBUBSIDUND BINpoW- BeMyos
Ayixajduo09 ajnpo-= aemyos
UONeUaWNDOG JUaIINOUOD JO asp
Jeg sybay Ayiqeuleywey) aiemyos
Ayiqepueysiapuf ajnpo-; aenyos

Aduajsisuod ajnpo-= aemyos
Ayoydug jeunjonys anpow aemyos
SSBUBAI}CUISAG-}]aS aINpOoyy aemMyosS
SSaUAaSINUOD ajnpoyy aseMYyOS
Ayixajdwiod ajnpoy; aiemyos
Auiqepeay ajnpo; aemyos
SOUBIVIO] Ne siNnpoW aeMYyosS
Aneinody ainpoyy auemyos
BurwesGo1g painjonijs yo asp
Buijdnoy ajnpo- siemyos
Aduaysisuod ainpoyy BIeEMYOS

303

*(panunyuod) Ayd1e191F] 1OJVIIPUY ApWENY uUsIsag Wajysks aduexy

Ayixajdwioy ainpoy aiemyos

UDISBYOD siINpo- alemyos
SIBLI}JU] POUYSC-||9AA BINPOWY BIeEMYOS
Ayijiqepuejysiapuf ainpoyy aiemyos
Buipiy] uoeuoju] jo asp
Aypiqesoes; ainpoyy asemyos
ANIGeYIPOW einpoyy aIemMYyos
Buljdnoy ajnpow; aemyos
Aauaysisuod ajnpoyy aiemMyos
Ayoudwis jeanjyonsys ajnpo-; aemyos
SSOUDAIICIOSAG-|8S aiNnpoyy aemyos
SSQUSSIOUO BiINPOYy BieMYOS
ssoudajajdwoy ajnpoy,y aemyos
UOISSYO4) ajINPO-W alemyos
UOI}ISOGWINIGG |EDIYDJEJAIH JO asp
Ayyiqepuejsiapun einpoyw aiemyos
Ajiiqeyipow ainpoyw siemyos
Buijdnoy ajnpo;- aiemyos
Ayoydurs jeinjonsjyg ajnpoyy asemyos
SSOUBAIICUDSAG-}JaS ajnpoyy aeMYOS
SSQUBSIOUOD BjNpoyy AeMYyosS
Ayixajdwod anpoyy asemyos
ssauajajdwoy ajnpoyy aemyos
UdISaYyO4 aiNpoW aemyos
Ayiqepuedxy ajnpoy;y aiemyos
uolysodwooegq jeuonouny jo asf
Ayjiqepueysispur ainpoyy asemyos
Ayyiqesoes) ajnpoyy aemyos
Ayiqepeay ajnpoyy aemyos
AWIGeYIPOW ajnpoyWy BeMYyoS
Ayoudus jeunjonsys ajnpoyy aaemyos

SSQUSANCUOSAQ-}8S BINPOYy BAeEMYOS
SSQUdSIOUOD ainpoyy aemMyoS
Ayixajdwioy ajnpoy-; auemyos
UONEJUBWUNDOG JUdINIUOD Jo as
yes sjbay Ajyjiqesnay aiemyos
Ayyiqepuejsuapun sinpoyy aiemyos
AMIQEYIPOW aINpoyy BeMyoS
Buyjdnoy ajnpo-; aemyos
Ayonduiig yeanjonsysg ajnpoyy aemyos
SSOUBAIICUOSAQ-}]aS ajnpo- aemyos
SSBUASIOUND aiNpoyy aseMYOS
Ayxajduio4 ajnpoyy aemyos
ssauajajdwoy ajnpoy-w aemyos

“['y snsiy

JES sybay Ayiqepyod alemyos

UdISaYOD ajnpo-w aiemyos
Ayjiqepuedxy ajnpoyw aemyos
uolisodwoseg jeuonoun jo asp
Aypiqepuejsiapun ajnpo-; aiemyos
Ayiqesoes| ainpow aemyos
Aiqepesy ainpow aemyos
Augey!lpoyy ainpoyy aemyos
Ayoijdung jesnyoniyg ajnpoyy asemyos
SSOUBAI}GLOSAG-eas ajnpoywy BeMyYOS
SS8UASIDUOD a/NpoY-] BeMYOS
Ayixajduoy ajnpoyy aiemyos
uoneyUsWND0G JUaNIUOD JO asf)
aouapuedapy| Wajshs Burjesado jo asp
aouaspusdapy| adiAeq jo esp

Ayiqepuejssapuf ainpo-= aiemyos
Aduajsisuod ajnpow aemMyos
Ayouduwig jeanyonsjs ajnpoyy aemyos
SSOUBAI}GHOSAG-}/8S ajnpoyy BeMYOS
SSBUBSIDUOD BINPOW aBieMYyOS
Ayixa|dwoy ajnpo- aiemyos
Aiqepesy ainpoyy aemyos
SouesajO] yNe4 ajnpow siemyos
Adeinsoy ajnpo-= aemMyos
Buruswes6osy painjyonijs jo asp)
Buidnog ainpoy aiemyos
Aouaysisuoy ajnpoyy aemyos
Aylouduig jesnjoniyjsg ajnpoyy aemyos
SSQUaAIdUISaG-}1aS ajnpoyy aeEMYOS
SSQUaSINUDD aINPOW sIeEMYOS
Ayxajdwoy aynpoyy aemyos
SSaUd}a|GLUOD ajNpoW BeMyosS
UOISBYOD ejNPO- BeMYOS
juaWaUyay asimda}s jo asf
Aiqeiy;poyy ajnpow eBeMyos
Buyjdnog ainpoyy aemyos
Ayouduig jesnjonsyg ajnpoywy eseMyos
SSOUBAI}CUOSAG-]aS ainpoyy BIeEMYOS
SSIUBSINUOD BINPOoWy BIEMYOS
Ayxajduoy asjnpoyy asemyos
UOISEYOD BINpoyy BAeEMYOS
BOBPSU] PSUYOQ-||aAA BINPOW BIEMYOS
Ayjiqepueysuspun ainpo-= aemyos
Buipiy uoNeuUoju] JO asr)

304

asimdajs jo asp

Ayiqeydacoy

*["y s1nsly

Buydnosd ajnpoyy asemMyos
Ayioijduis jeunjyoruys ajnpoyw aemMyos
SSAUBAIGUISAG-JE8S aINPOWW BseEMYOS
SSBUBSIDUOD ajNpoyy BeMyoS
Ayxajdwoy ajnpoyy aemyos

yeS s}bay Ayiqionpolg ISMH Wa}shS
AYIIQeY!poy aINPOYW BeMYOS

eS s}bay Ayiqionposg aiemyos waysks
1eS sybay -Buiyeys - Ajiqionporg ssemuewNnyY WaysksS

WS spay Aypqixa}4-Ayiqeydepy aemyos

QOePa}uU] POuyod-|an, BjNPoyy BieMYOoS
Ayiqepueysiapun ajinpoyy aemyos
Burpy uoieuuoyuy JO eSA
Ayiqesoes, ajnpoyy aiemyos
AMIGeyIpoyy ajnpo- asemyOS
Buyjdnoy ajnpo-; aiemyos
AQua}SISUOD ajNPpO-W aeMyos
Ayloyduuig jeunjoruys ajnpo= auemyos
SSOUBANCUISAG-NaS ajnpowW Bemyos
SSOUBSINUND aiNPOW BeMYyOS
Ayixajdwioy ajnpoyy aiemyos
SSQUd}a|dW04 ainpoyy aieMYOS
UdISaYyOD sjnpoyy aieMyosS
uolisodwooag |edYyoeJal}H JO esp)
Ayiqepuejsiapup ajnpoy,y asemyos
APIGeYIpoyy aiNnpoyy aueMyOS
Burjdnoy ajnpoyy aiemyos
Ayioyduuis jeunjoniys ajnpoyw asemyos
SSOUAAI}CUDSEG-}9S BiNpoyy sueMYyOS
SSQUBSINUND BINPOWW aeMYOS
Ayxajdw04y ajnpow aemyos
ssouajajdiu0y ajnpoyy aiemyos
UOISBYyO aiNpoy; aeMYyOS
Ayjiqepuedxy ajnpoyy asemyos
uol}isodwosaq jeuonjouny jo asf)
Ayiqepueysispup) ajnpoyy aseMyoS
Ayiqesoes, ajnpoyy aemyos
Ajliqepeay ainpo- aiemyos
AUIqeyipow ajnpo- BeMyos
Ayoyduuig jesnjonys ajnpoyy aemyos
SSOUBAI}GUDSSQ-}9S BINDOW BIeEMYOS
SSQUASIDUND BINPOW aeMYyOS
Ayixajdwoy ajnpoyy asemyos
uoljeJUSLUNIOG JUsINIUOD JO asf}

*(panuijuod) Aydsesatpy 10;BdIpUy AWENY usisag wajsks ajdulexy
Ayiqeydeooy - sassejo Jayjo Buissaooe suonesady¢ jo saquiny
- Sassejo sayjo Aq passaooe suoijesado jo Jaquuiny
Ayyiqeydaooy Buyjdnod uoljessdo GOO
Ayyjiqeydaooy Ayixajdwoy uoiesadd GOO
Ayiqeydacoy Ayixejdu05y yuawnbuy uoneiedo GOO
Ayiqeydsooy uoisayod GOO
Ayiqeydecoy suey) AyoJeJaIH} SsejQ GOO
Ayiqeydscoy Buljdnod ssejQ GOO

Ayyiqeydacoy Ayxajduo0g aynquyy GOO

Ayiqeydacoy Ayixajdu0y ubisag payuauQ-joalqg aiemyos
Ayxajdwioy uBiseg aenyos
MIGQe}da00y sjusuodwo4 jo JaquNN aemyos

Aytoyduuisg jeuoijesado syuauodwoy aiemyos
Ayiqeydacoy Ayyiqedes seg juauodwoy aiemyos
Ayjiqedey umouy jo syusuodwioy jo uoleiodsoou Jo sas6ag
Ayjen® Jusuodwog aemyos
Ayiqepuejsiaput ainpo-; aemyos
Anuajsisuod ajnpoy;y aiemyos
Ayoyduwig jeunjonys ajnpoyy aemyos
SSBUBAICUISAQ-|9S ajNpoW BeMYyOS
SSOUASIDUOD BjNPpoWy BIeEMYOS

AWigepeay ainpoy aiemyos

Ayixajdwod anpoy; aiemyos

juaWaUyay

BOUBIZIO! }Ne4 BINPOW- aseNyos
Aoeindoy ainpoyy auemyos
Burwes6oig painyonijs jo asf
Bujdnoy ainpo-: aemyos
AduajsisuoD ajnpoyy auemyos
Ayloyduig jeanjonys ainpoywy aemyos
SSAUBANCUISAG-}aS aInpo- aemyos
SSBUBSIOUND BINPOyy BIEMYOS
Ayxajdwiod ajnpow; asemyos
ssauajaidwo0y ajnpoyy auemyos
UdISaYyOD ajNnpoy; asemMyos

AyIGey!poyy a|Npow suemMyos
Buydnoy ajnpo-= aiemyos
Ayioyduis jeunjonijg ainpoywy aiemyos
SSOUBAIJGIDSIG-}aS sINPOW BeMyoS
SSBUBSINUOD BINPOoyy aleMyOoS
Ayxajdwod einpow; asemyos
UOISBYOD siNpo-= aemyos

305

Aue

esimdays jo esp

ainpoyy aiemyos

‘py

WnNsiy

- SASSEID JOJO YM Payesado-09 suol}esadC JO JOQUINN

Ayiqeydacoy Ayxajdwod sse|d [124240 GOO

yes s}bay Aouaioyy uoijeziyyn aounosay aemyos
yeS s}bay Aouaioyyy uoljnoaxy sieMyOS
yes sybay Aouaiiya aemyos
sjusWwaNbeay 0} Ayjiqesoers) ubisag siemMyosS
Ayiqeydacoy oujayy Ayixejdwog onewojoA9 s,aqegow
Ayiqeydaooy oujayy Ayxajdwoy s,eunjey pue Aiuapy
Ayiqeydacoy oWjaW S,ysaiby pue pied
Ayyiqeydacoy Ayxajdwio4y jeunjonyys aemyos

yes sybay Ayiqe}sa, aeMyos

Ayoyduis jeunjonsys ainpow asenyos
SSOUBAI}CUDSAG-J/aS aINDOYWY BIeEMYOS
SSBUASINUOD ajNPOW BieMYOS
Ayxa|dwoy ajnpoyy aemyos
SSOUd}a|dWOD sINPOY BeEMYOS
udISaYyoD sjnpoy,y aIeEMYyOoS
Ayiqepuedxy ajnpow siemyos
udl}ISOdWOag JeUaoUN Jo asn

Buldnoy ajnpoyy aiemyos

AWIQeyIpoyy ajNpoyy BeMyoS

Ayyiqeaces| ainpoyy aiemyos
so|AeYyag JO AyfIGISIA aINPOW aeMyos
Ayiqedey uoiyajeq 1039 Apeg ajnpoyy aaemyos
sanbiuyoe] UOoIeOyWaA ajOAQ aI] JO asf)
Ayiqeaoes, ajnpoywy aemyos
AUGeyPoW a|npo-= aemyos
Burjdnoy ajnpoyy aemyos
Aouajsisuod ainpoywy aemyos
Apordwig jeinjonys ajnpoyy auemyos
SSAUBAIKUISSG-aS ainpoyy semMyosS
SSBUBSIOUOD BiINPOW BIEMYOS
Ayxajdwo9 ainpo-: aiemyos
SSaUa}a|dW0FD ajnpoyy aemMyosS
uoISaYyOD ainpowy BemMyosS
UOHISOdwoIeq /ed!yo/e19!}] JO Sf
Ayyiqepuejsuapun ajnpoyy aiemyos

JuaaUyay asimdajs jo asp)

SSOUBAICUOSAG-HaS aiNnpoyy sIeMYOS
SS9UBSIOUOD BjINDOW BeMyos
Ayxajdwoy ajnpoyy aemyos
SSOUS}BjGWOD ajnpoyy BeMYOS
UOIS@YOD BINpoWy BAemMyos

*(panujuods) Aydievsa1F{ AOJeIIpUy AWWENY UsIsag wajsks ajdwexy

uonoajaq Jog

Ayjiqesoes| ajnpoyy aiemyos
JoIAeyag JO AWIGQISIA ajnpoyy aseMYyOS

juswaUyay

SSBUBSIOUOD BiNDOW aieEMYyOS
Ayixaiduiog ajnpo-;y eiemyos
Ayiqepeay ainpoyy aremyos
SoUReITZ/OL Ney sjnpoy- aeEMyYOoS
Aoeinooy ajnpoy; aiemyos
Buiuwes6o1g paunjoniys jo asp)
Buijdnoy ajnpo-: aiemyos
Adus}SIsuoyd ajnpoy-y asemMyos
Ayloyduig jesnjonys ajnpo-; asemyos
SSOUBAIMUOSEG-j8S aINpo- aseMyoS
SSBUBSIDUOD BINDOWW aeEMYyOS
Ayxajdu0y ajnpo-; alemyos
SSOUd}B|dWIOD sjnpoyy aseMyoS
uoISeyoD ajnpoyy aiemyos

Ayiqedey

jeinjonsys ainpoyy asemyos

sanbiuyos] UdIeOYUaA ajOA4 a1 Jo asp
Ayiqesoes) ajnpoyy asemyos
ANIQeyIpoyy anpoyy a1emyos
Buyjdnoy ajnpo-; asemyos
Aduajsisuod ejnpoyy aemyos

Ayoidug

SSOUBAIGUOSAG-}]aS ajnpoyy BIeMYOS
SSAUBSIDUND BINpO; aeMyoS
Ayixajdwog ajnpoywy aiemyos
SSQuaja|dwosy ajnpoyy aiemyos
UOIS@YOD sjnpoy aieMYyos
udisodwocag jed1yoeJaip] JO asp)
JBS s}bay ssaujoai0g aiemyos
Ayiqepuejysiapuf ajnpoyy asemyos
Aduajsisuoyd ajnpoyy aeMyos
Ayiayduuig jesnjonys ajnpo-; asemyos
SSOUBAIGUOSAG-}8S ainpoyy aiemMyosS
SSBUBSIDUOD BINPOW alemMyos
Ayxajdwuiog ajinpoyy aiemyos
Ayqepeay ainpow aiemyos
aouelajO] yNe4 ajnpoyy aemyos
Aoeinooy ajnpoy;y asemyos
Burwuweshosg painjoniys jo asp
Bulj|dnoy ajnpo-= aemyos
Aduajsisuoy ajnpoyw aiemyos
Ayiayduuis jesnjonys ajnpoyy aiemyos

306

*(panunuos) Aysiesaiyy 10j;vdTpuy Ap pENg

Ayiqepeay ajnpoyy semyos

AWIGeYIPOW sinpoyy aieMyos
Buljdnod ajnpo-= aemyos
Ayoyjduuig jesnjonsyg ainpoyw asemyos
SSOUBAIJAUDSOG-j8S BINpoW asemMyos
SSAUBSIOUND BiNpo- asemMyos
Ayixajdwoy ajnpo-; aiemyos
ssauaja|duo0g ajnpoywy aemyos
UdISEYyOD sjNpo- BeMyos
Aypqepuedxy ajnpoywy aemyos
uolsodwosag jeuoijoun jo asp
Ayjiqepuejsuapup) ajnpoy; aemyos
Ayiqesoes | ajnpow aemyos
Auiqepeay ajnpo-w aemyos
ApIIGeyIpoyy ainpoy-y aiemMyos
Ayoyduus jeunjonjs ainpo-; aemyos
SSOUBAI}GUIS9Q-}aS ajnpoyW aeMyOoS
SSBUASINUOD BiINpOW aeMyos
Ayxejduog ajnpowy aiemyos
UOIJEJUBUUNDOG JUaIINDUOD Jo asf
yS sjbay Ayjiqesnay aremyos
Ayiqepueysuapun ajnpoyy aemyos
ADuajsisuog sjnpoyy aiemyos
Ayayduuig yeanjoniyjs ainpow; asemyos
SSOUSBAIJGUDSSG-jJaS ajnpoy asemyos
SSBUBSIOUOD ajnNpo-F aemyos
Ayxajduiog ajnpoyy aiemyos
SoUuBJa/O] Ney ajnpo- aemyos
Adeinosy ajnpow aemnyos
BuiuweiBolg painjoniys jo asp
Buijdnoy ajnpo-= asemyos
Anuaysisuod ajnpoyy aemyos
Ayoyduig jeunyonsys ainpoyy aemyos
SSBUDAIIGUOSEG-jJeS ajnpoyy aeMyosS
SSaUasIOUOD siNpo;- semMyos
Ayixajdwod ajnpoyy aemyos
ssauajajdwoy ajnpo-wy aemyos
udISaYyoD asjnpo-: BWemMyos
JUSWBUIJaYy asiMda}s jo asp
AUIgeyIpPoW ainpoyy aeMyos
Buljdnoy ajnpoy;y asemyos
Ayayduuis jesnjoniyjsg ajnpow aemyos
SSQUBAI}CUOS3Q-}aS ajNpoy seMyosS
SSBUBSINUOD BiNPOoy aeEMYyosS

usisag waysks ajdwexy

“[°y ainsi

Ayxeidwioy ajnpoyy aemyos
UOISBYOD ajNpoyy BeMYyoS
SOBLI}U] PAUAG-|]9NA BINDOW- GieMYyOS
Ayiqepueyssapuy ajnpoyy aiemyos
Buipipy] uoeWuoju; $0 asf
Aiqesoes| ainpoyw aemyos

AUIQeyIpoyy ajnpoyy aiemyos

eS s}bay Ayiqeiay aemyos

Buydnoy ajnpo-= aiemyos
AdUa}SISUO4) BjNpo|- aeEMYOS
Apoydwigs jeunyonays ainpoy aemyos
SSOUBAICUOSAG-HaS sinpoy sieMYyOS
SSO9UASINUOD ajNpo-: BeMyos
Ayxeidwoyg ajnpo-= siemyos
SS8U9}a|dWW0D ajnpoy- aeMYOS
UdISeYyo ajnpoyy aeMyOoS
uoisodwosag jediyoesai}] Jo asp)

Ayyiqepueysiapuf ainpoyy aiemyos
AWIGeyIPOYy ajNpo- aeMyos
Buiydnoy ainpoy, asemyos

Ajoyduis jeunyonys ajnpoyy aeMyos

SSOUAAICUOSAQ-JaS BsjNpOW aeMYyOS
SSAUBSINUDD ajNpoyW aeEMYOS
Ayxajdwog ajnpoyy aaemyos
ssauajajdiuo04 ajnpoyy aemyos
uolsayoD ajnpoy;y azemyos

Ayiqepuedx3 ainpoy asemyos

Ayiqepeay ajnpoyy aemyos

uoijsodwooag jeuonouny jo asp
Ayjiqepueysiapun ajnpoy,y aiemyos
Ayjiqeaoes, ajnpo-y aemyos

yeS sybay AjiqeHod aseMyos

Aygeylpoyy ainpoyy asemyos
Ayoydwig jeinjonsys ainpoyy asemyos
SSBUBAICUDSAG-}98S aiNpOW BeMYOS
SSQUSSIDUOD BINPOW BeEMYOS
Ayxajdwog ainpoy,y aemyos
uoljeyuawinoog juaNnoUNd jo asp)
aouapuadapu wajshs Bulyesado jo ast)
gouspuadapy ediAaq jo asf

Ayjiqepuejysiapur ainpoyy asemyos
Aouaysisuod ajnpoyy aseMyos
Ajouduig jesnyonys ajnpow asemyos
SSBUSAIIGUOSAG-HaS ajnpoyy BeMYyOS

307

‘[°y ainsiy

yes s}bay ABsaug weysks

YBiang jediskyd wayskS
JeS sybay yyBiang jeaishyd
JES sybay UIpIAA [eEdISAYd WaySkS
UIPIM [BoISAYq Wa}shS

y}bua7 jesisAyg wajshS

ujdag jesisAyq WwayskhS

Bay jeo1sAy wWayshS

yeS s}bay y}Gua7y jesisAyd wiayshsS

yeS sybay aunjo, jeaisAyd wajsksS

ANIGeyIpoyy ajnpo- asemyos
Buijdnoy ajnpoyw asemyos
Anuajsisuoyd ajnpoyy aemyos
Ayoydurs jeinjonisjg ajnpoyy aemyos
SSOUBAI}GHUOSIQ-}/aS ajnpoy;y aeMyoS
SSQUBSIDUOY BINPO- BemMyos
Ayixajdwo4y anpoyy aemyos
Sssauajajdwio4y ajnpoyy aemyos
UOIS9YOD aiNpoYy aieMYyoS
UOITSOdWOIEG |BDYDeJaIH jo asp)
Ayyiqepueysuapun ainpoyw asemyos

Ayprqeaces, ainpoyy siemyos

SSOUDAI}CIDSAG-}aS ajNPOW aeEMYOS
SSQUBSINUOD aINPOW BeEMYOS
Ayxajdwosd ajnpoyy aiemyos
Uud!ISaYyoO ajNnpo- aeMyos
BOCLBIU] PSUYSC-||9AA aINPOWY aIeEMYOS
Ayiqepuejssapup ainpoyy asemyos
BulplH uOHeUuoju] jo ash

Ayoydurs jeinjonsyjg ajnpoyy aemyos

JES sjbay }soD aemyos wajshS
AyIGeyipoyy ajnpoyy aemMyos
Buyjdnoy ajnpoyy aemyos

18S sybay Ayiqionposg aiempueyy |BINJONIJS wWa}skS

yes sybay Ayjiqepoddns wayshs

eS s}bay jeoskyg wajshs

yjdaq jedisAyg wa}shS
yes s}bay eaiy jesisAyg wayshks
yes sybay azis yeorsAud

WBIaH [eoIsAy Wia}sAS

yy6ua7 jeorsAyg wayskS

UIPIAA [edISAY Wa}skS

eS sybay ujdaq jearsAyd wayshks

AWigensnes sjuswainbay yYyBIay jeaishyd wayshS

*(ponuijuod) Aysivsarpyy A0jeoIpuy Append usIsag wia}sks ajdwexy

JES sybay Ayiqeawuns jeoskyd wajsksS

JS s}bay aouejsisay ainjesadwea), aempuey
eS s}bay Ayiqeureyweyy aempiey
JES s}bey ay! eames aiempley
eS sjboy Ajajyes aiempsey
(uoljesnp ‘gp) aunsodx asion jeljua}og
Ayiqeysiyes juresjsuod souesajo | aSIoN asempleHy
JES syboy Ayjiqeureyuieyy asempuey
yes s}bay auljpeag puey asempley
eS s}bay souejsisay anbye4 aiemplepy
JES s}bay peo7y sepu¢ uoNnoayag asempue}Y
Ayiqeysijes julesjsuog aduejsisay Buyyong asempuey
Ayqeysnes juresjsuod yjy6uejsg Bulpueg asempsey

sempley
aiempsey
aiempley
auempuey
asempuey

asion jenua}og

Ayiqeysnes julesjsuod eouejsisay pjai, asempsey
Ayiqeysnes jureysuoy aouesajo| uoesgiA asempsey
JES S}bay ssauyijsS jeucisso] aIeMpseH
eS sybay souejsisay ainjesodwia) aiempsey
eS syboy Ayiqeureyueyy aiempiey
yes syboy ai] eoimes auempse}y
eS sybay Ajajes quempsey
(uojeunp ‘gp) ainsodx

Ayiqeysnes juiesyjsuod aouesajo] aSiOoN
eS sjbey souajsisoy onBiye4
BS s}bay peo) Japuf uolnoayag
Ayiqeysnes jureysuoy aouejysisay Buiyong
Ayiqeysnes jureysuod yyGuadjg Buipueg

WyBiany jesisAyq wayskS

yeS sybay AyiqebGny jeoskyg wiayshs
UIPIM JedISAYd Wa}SAS

yeS sybay Ayiqepog jearsAyg wWa}sksS

yj}6ue7 jesisAyq wayskS
WBiay jedisAygy wayshS
yjdaq jesisAyg waysksS
eS s}bay awnjo, jesiskyg weaysks

Ayjiqeureyureyy wayshs Ajddng samog

Ayiqejeog wayshg Ajddns samog
Aouepunpay wayshs Ajddns samog
Ayoeded waysks Ajddns samog
Ayjiqeaseday aurq-uQ wayshks Ajddns samog

Ayyiqepeay waysks Aiddns samog
yes sybay Ajddns samog wayshs
yeS s}bay uondunsuoyg ABiauz jany
yes s}bay uoyedissiq ABiaug
Ayiqeysyes yuresyjsuoyg uoyduinsuoy ABsauy jeoujoa3

308

*(ponuijuod) Aqo1e131F{ 107BII PUT ApEN? UsIsog Ws}shS ajdwexy

“[°y ainsiy

Ayqeysnes jureyjsuoy souejsisay pjatA siempiey
Appqeysnes yuresjsuoy souesajo, uoeuqiA sempiey
JeS s}bey ssauylys jeuoisio, empiey

309

APPENDIX B. QUESTIONNAIRE FOR ASSESSING EVALUATIVE
CREDIBILITY OF INDICATOR HIERARCHY
In Chapter 4 we describe the process of constructing a hierarchy of design quality

indicators to be used in evaluating the design. We also motivate a need for an
independent assessment of the indicator hierarchy itself. This is to ensure the evaluating
organization avoids a Type III error, i.e., the error of solving the wrong problem.

The

reader is referred to Chapter 4, Section 4.5.2 for details. A questionnaire for assessing the
evaluative quality of a design evaluation hierarchy follows.
Design Objectives Traceability
1. Which of the statements below reflect the degree to which the design objectives, as
reflected in the design and requirements specifications, are mapped to or represented
by indicators in the hierarchy?
a. The hierarchy provides a very thorough mapping of design evaluation
indicators to design and requirements objectives. All design objectives are
directly traceable to indicators in the hierarchy.
b. The hierarchy provides a mapping of indicators for most of the design
objectives. (e.g., all of the primary objectives from the design and
requirements specifications are represented, but some of the lower priority
objectives are not traceable to indicators in the hierarchy).
c. The hierarchy provides a mapping of many of the design objectives to
indicators, but some primary and lower priority objectives are not represented.
d. The hierarchy does not reflect an adequate mapping of design evaluation
indicators to design and requirements objectives. Many primary and secondary
objectives are not directly traceable to indicators in the design evaluation
hierarchy.
2. Which design objectives are not represented by indicators?
3. In your expert opinion, to what degree does any disparity between indicator-torequirements coverage reflect:
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a.

inadequate requirements definition which had to be compensated for by
additional indicators in the hierarchy
minuscule

b.

small

moderate

large

overwhelming

insufficient recognition or understanding of the design objectives as reflected
in the design and requirements specifications.
minuscule

small

moderate

large

overwhelming

c. other reasons for any disparity (please explain).
Life Cycle Coverage
4. Does the design evaluation hierarchy contain appropriate categories and amounts of
indicators to evaluate the design's accounting for system life cycle phases, including:
a. Implementation/Production

Yes

No _

(if"no" please explain)

b. Deployment

Yes

No

(if"no" please explain)

c. Maintenance

Yes

No

(if "no" please explain)

d. Logistical Support

Yes

No

(if-""no" please explain)

e. Modification

Yes

No —

(if "no" please explain)

f.

Yes

No

(if "no" please explain)

Retirement

g. other (please specify)
Evaluation Coverage and Depth
5. Does the hierarchy of indicators for measuring the specific domain (a-f) of the
designed system reflect sufficient depth of decomposition so that the base-level
indicators are directly measurable either by metrics, simulation, technical domain
expert judgment, or operational domain expert judgment?
a. Hardware

Yes

No

(if"no" please explain)

b. Software

Yes

No

(if "no" please explain)
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c. Humanware

Yes

No

(if"no" please explain)

d. Hardware-Software Interaction

Yes

No

(if "no" please explain)

e. Human-Hardware Interaction

Yes

No

Gf "no" please explain)

f. Human-Software Interaction

Yes

No

(if "no" please explain)

6. Are there other indicator (sub)domains which do not reflect sufficient depth of
refinement, such that even a subjective evaluation of the design with respect to the
indicator domain could not credibly be made?
Yes

No

If you answered "Yes," which indicator (sub)domains are insufficiently refined?
7. Which (if any) individual indicators have not been sufficiently decomposed to allow a
credible (even subjective) measurement to be obtained?
8. If in determining answers to questions 5-7 you found there were a substantial number
of indicators with insufficient decomposition, what percent of the indicators do you
feel are insufficiently decomposed?
a. 1-10%

b. 11-25%

cc. 26-40%

= d. 41-60%

~—e. over 60%

9. Is the breadth of coverage of indicators comprehensive enough to measure all essential
elements of the specified domains (a-f) of the designed system?
a. Hardware

Yes

No _—

(if"no" please explain)

b. Software

Yes

No _—

(if "no" please explain)

c. Humanware

Yes

No

(if"no" please explain)

d. Hardware-Software Interaction

Yes

No

(if "no" please explain)

e. Human-Hardware Interaction

Yes

No

(if"no" please explain)

f. Human-Software Interaction

Yes

No

(if "no" please explain)
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10. Are there other indicator (sub)domains which do not reflect sufficient breadth of
coverage, such that essential elements required to assess the value of the domain are
not included?
Yes

No

11. If you answered "Yes," which indicator (sub)domains are not comprehensively
covered?
12. Which (if any) individual indicators have not been decomposed with sufficient
breadth to allow a credible measurement to be obtained?

13. Ifin determining answers to questions 9-12 you found there were a substantial

number of indicators with insufficient breadth of coverage, what percent of the
indicators do you feel are inadequately covered?
a. 1-10%

b. 11-25%

cc. 26-40%

d. 41-60%

~~ e. over 60%

Indicator Influence Relationship Representation
14. We define parent-child relationships between nodes in the indicator hierarchy as

indicator influence relationships. One indicator may parent several child indicators,

and an indicator may be the child of multiple parent indicators. Which of the
following statements best states your findings regarding completeness of indicator
influence relationships.
a. The indicator influence relationships presented in the hierarchy reflect a
complete representation of all or most relationships between respective
indicators.

b. The indicator influence relationships presented in the hierarchy reflect many of
the true relationships, but a non-negligible number of true relationships are not
represented.
c. The indicator influence relationships presented in the hierarchy reflect some of
the true relationships, but a significant number of true relationships are not
represented.
d. The indicator influence relationships presented in the hierarchy reflect few of
the true relationships.
15. If you selected (a) above, please identify which indicator influence relationships you
determined to be missing from the hierarchy.
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16. If you selected (b) or (c) above, what number OR percent of indicator relationships
do you determine to be missing from the hierarchy?
(number)

OR

(percent)

%

17. If you selected (a, b, or c) above, which (if any) of the relationships do you believe to
be critical to the credibility of the evaluation?
18. If you selected (d) above, please indicate which indicator influence relationships
were correct.
19. Which of the following statements best states your findings regarding accuracy of
indicator influence relationships.
|
a.

All or Most of the indicator influence relationships presented in the hierarchy
are true.

b. Many of the indicator influence relationships presented in the hierarchy reflect
true relationships, but a non-negligible number of the relationships are not true.
c. Some of the indicator influence relationships presented in the hierarchy reflect
true relationships, but a significant number of relationships are not true.
d. Few of the indicator influence relationships presented in the hierarchy reflect
true relationships.
20. If you selected (a) above, please indicate which indicator influence relationships you
determined to be untrue based on the state of the art of engineering design and
analysis.
21. If you selected (b) or (c) above, what number or percent of indicator relationships do
you determine to be missing from the hierarchy?
(number)

OR

(percent)

%

22. If you selected (a, b, or c) above, which (if any) of the false relationships do you
believe to be critical to the credibility of the evaluation?
23. If you selected (d) above, please indicate which indicator influence relationships
were true.
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24. Regarding dependencies between indicators within the same sibling group, which of
the following statements best describes the condition of the hierarchy?
a. There are no occurrences of dependencies between indicators within the same
sibling group which need to be accounted for.
b. There are a few occurrences of dependencies between indicators within the
same sibling group which need to be accounted for. (Please describe.)
c. There are several occurrences of dependencies between indicators within the
same sibling group.
d. There are numerous occurrences of dependencies between indicators within the
same sibling group.
25. If you selected (b) above, please indicate which inter-sibling group dependencies are
present between indicators in the hierarchy, but are not explicitly represented.
26. If you selected (c or d) above, what is the extent (number or percent) of indicator
sibling groups in which there are indicator influence dependencies which are not
explicitly represented?
(number)

or

(percent)

%

Indicator Face Validation
27. For which (if any) indicators do you question appropriateness of its use for
measuring the concept it is intended to measure?

(i.e., it is the wrong indicator).

28. For which (if any) indicators do you question capability of its use for measuring the
concept it is intended to measure? (i.e., it is oo weak to give meaningful measure).
29. Do you find any indicators in the hierarchy which are inappropriate indicators of
design quality for the particular stage in design evolution at which the design is
being evaluated (e.g., indicators appropriate for detailed design but not preliminary
design)?
Design Crippling Potential
30. Which indicator(s) presented in the hierarchy do you believe to be so critical to the
design evaluation, that if they were scored below an acceptable level, they would be
capable of invalidating the entire design?
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31. Are there any indicators which are not accounted for in the hierarchy which could
have the effect of invalidating the design if they were scored below an acceptable
level? If so, please list or give references.
Overall Assessment

32. Which statements below best express your overall assessment of the design
evaluation hierarchy?
a. If realistic weights and scores are applied by qualified experts in the respective
indicator domains, this indicator hierarchy as presented is sufficient to yield

credible evaluative results.

b. If realistic weights and scores are applied by qualified experts in the respective
indicator domains, this indicator hierarchy with corrections as indicated is
sufficient to yield credible evaluative results.
c. Even if realistic weights and scores are applied by qualified experts in the
respective domains, this indicator hierarchy with or without indicated
corrections could not yield credible evaluative results.
33. If you selected (c) above, list the areas of the indicator hierarchy which contribute
most to the poor assessment of the hierarchy (worst first).
34. Which of the areas you listed in question 33 have the greatest potential for
improvement?
35. Other than the specific facets of the indicator hierarchy for which we have solicited
feedback, are there other dimensions of the hierarchy which you believe weaken the
potential for the hierarchy to yield credible evaluative results? If so, state.
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APPENDIX C. A QUESTIONNAIRE FOR
INDEPENDENT ASSESSMENT OF THE METHODOLOGY
PART I:
1.

ASSESSMENT OF THE METHODOLOGY WITH RESPECT TO
OBJECTIVES

How well does the methodology fulfill its stated Objective 1?
The methodology should facilitate the measurement and evaluation of a complex
system design's dynamic (i.e., time-critical, performance critical, mission-critical)
characteristics.
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well does the methodology fulfill its stated Objective 2?
The methodology should facilitate the measurement and evaluation of a complex
system design's real-time characteristics.

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well does the methodology fulfill its stated Objective 3?
The methodology should facilitate the integrated measurement and evaluation of a
complex system design with respect to its hardware, software, and humanware
components, and their interfaces.
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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317

T—

_|

60

70

|

Good

_|

!

80

7

|

90

| Excellent

__ |
100

|

How well does the methodology fulfill its stated Objective 4?
The methodology should facilitate the qualitative and quantitative evaluation of a
complex system design.
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well does the methodology fulfill its stated Objective 5?
The methodology should be generically applicable for a broad spectrum of
complex system designs.
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)

|-—_—
0

|
10

|

|
r
20

Poor

|

l
30

|
—T
40

Fair

|

T
60

50

| Satisfactory

|

_|

70

80

Good

|
90

|

|
100

| Excellent

|

How well does the methodology fulfill its stated Objective 6?
The methodology should lend itself to the incorporation of computer-aided
assistance.

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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7.

How well does the methodology fulfill its stated Objective 7?

The methodology should possess inherent, piece-wise credibility.

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well does the methodology fulfill its stated Objective 8?
The methodology should be easily usable by a design evaluation organization.

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well does the methodology fulfill its stated Objective 9?
The methodology should be applicable for the preliminary and detailed design
phases of the system engineering process.

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well does the methodology fulfill its stated Objective 10?
The methodology should promote independent system design evaluation to
prevent developer's bias.

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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PART IL.

11.

ASSESSMENT OF THE METHODOLOGY
ITS METHODS

WITH RESPECT TO

Indicator-Based Evaluation Method
How much does the use of this method contribute to the achievement of the

overall objectives of the methodology?

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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Analytic Hierarchy Process Method
How much does the use of this method contribute to the achievement of the

overall objectives of the methodology?

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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Fuzzy Arithmetic Method
How much does the use of this method contribute to the achievement of the

overall objectives of the methodology?

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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14.

Expert Knowledge-Based Method

How much does the use of this method contribute to the achievement of the overall

objectives of the methodology?

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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Visual Simulation Method

How much does the use of this method contribute to the achievement of the overall

objectives of the methodology?

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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Kiviat Diagram Method

How much does the use of this method contribute to the achievement of the overall

objectives of the methodology?

(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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PART UI.

17.

ASSESSMENT OF THE METHODOLOGY
ITS FEATURES

WITH RESPECT TO

How well are the methods in Part II integrated within the methodology?
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How good is the example system design quality indicator hierarchy in
Appendix A?
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well does the questionnaire in Appendix B assess the evaluative
credibility of indicator hierarchy?
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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How well is the methodology documented? (The document you received)
(Place an X on the scale below to assign a crisp score or mark an interval score or circle a word.)
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PARTIV.
21.

INFORMATION ABOUT THE EVALUATOR

Please indicate your educational background:
Degree

Degree Area

(B.S., M.S., Ph.D.)

22.

Year
Obtained

Please attach your biography that details your professional experience. Do not
identify yourself! All of the information you provide must be unclassified.
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VITA
Michael Lane Talbert
Education
Ph.D.: Computer Science

Virginia Tech

1995

M.S.:

Computer Information Systems

Air Force Institute of Technology

1988

B.S.:

Meteorology

North Carolina State University

1985

Personal Data

Born:
Married:

23 Nov 62, Rock Hill, South Carolina
Kristen Converse True of Portsmouth, Virginia

Children:

Anna Catherine and Thomas Michael

Address:

3801 Chandonwood Ct., Charlotte, NC

Phone:

(704) 541-3118

28226

Immediate Career Plans

Captain on active duty service in the U.S. Air Force regular forces.

As of January

1996, he is an assistant professor of computer science on the faculty of the Department
of Computer and Electrical Engineering at the Air Force Institute of Technology.
Society Memberships
Member of Tau Beta Pi, Upsilon Pi Epsilon, Phi Kappa Phi, Phi Eta Sigma, Alpha
Lambda Delta, and the Association of Computing Machinery.

—

,

4

,

SJ

Mae * fp ther!
‘

'

324

a

*

