THE SYSTEM
ENGINEERING PROCESS

The system engineering process is inherent within the overall system life cycle, as il-
lustrated in Figure 1.12. The emphasis is on a top-down, integrated, life-cycle ap-
proach to system design and development, conveyed through the activities identified
in blocks 0.1 through 4.6. This approach includes an initial definition of the problem
and the identification of a consumer need, the conductance of a feasibility analysis, the
development of operational requirements and the maintenance and support concept,
accomplishment of a functional analysis, allocation of requirements, and so on. Sub-
sequently, there is the iterative process of assessment and validation and the incorpo-
ration of changes for product/process improvement as required. Although the process
is more directed to the early stages of system design and development, consideration
of the activities in the latter phases of construction/production, operational utilization,
and system maintenance and support is essential for understanding the consequences
of earlier decisions and establishing benchmarks for the future. In other words, the
feedback loop is critical and an integral part of the system engineering process.

This chapter addresses the system engineering process and the basic activities re-
flected in Figure 2.1. These activities represent a process that should be applied each
time there is a newly identified requirement for a system. For example, a new re-
quirement may evolve when a new performance factor has been identified; for ex-
ample, when the production rate in a factory is doubled, the capacity of a transporta-
tion vehicle is increased, a radar range is increased, the speed of data transmission is
increased, the weight of a product is reduced, and so on. This is not to imply an ad-
ditional amount of work or excessive costs, contrary to the perception of many that
implementation of system engineering requirements is time-consuming and costly.
However, it does require a change in thinking, a shift in emphasis in approaching a
system design objective, and a new way of doing business.

The steps shown in Figure 2.1 must (of course) be tailored to the system and pro-
gram requirements. There are also many iterations that occur within. Analyses and
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trade-off studies are accomplished at each stage, functions are identified in several of
the blocks, and so on, and it is impossible to show graphically everything that occurs
throughout. However, for the purposes of discussion and for better understanding, the
steps illustrated in Figure 2.1 are presented herein, in the order indicated.'

2.1 DEFINITION OF THE PROBLEM (CURRENT DEFICIENCY)

The system engineering process generally commences with the identification of a
“want” or “desire” for something and is based on a real (or perceived) deficiency. For
instance, suppose that a current capability is not adequate in terms of meeting certain
required performance goals, is not reliable or available when needed, cannot be prop-
erly supported, or is too costly to operate. As a result, a new system requirement is
defined, along with a priority for introduction, the date when the new system capa-
bility is required for consumer use, and an estimate of the resources necessary for ac-
quiring the new system capability. To ensure a good start, a complete description of
the problem should be presented in specific qualitative and quantitative terms, in
enough detail to justify progressing to the next step. More specifically, one should
pose the following question: What is the nature and magnitude of the problem, and
what are the associated risks if the problem is not addressed?

The requirement for identifying the need (as a starting point) may seem to be
rather basic or self-evident. However, it often happens that a design effort is initiated
as a result of a personal interest or a political whim, without the requirements being
adequately defined. In the software area (in particular), there is a tendency to accom-
plish a lot of coding before identifying the functional need for such. In addition, there
are instances in which the engineer sincerely believes that he or she knows what the
customer needs, without first having involved the customer in the process. In essence,
the attitude design-it-now-fix-it-later often prevails. As a result, it is not uncommon
for someone to proceed with the design and ultimately produce a product that really
was not wanted (or needed) in the first place. This approach, of course, can be rather
expensive.

Defining the problem is sometimes the most difficult part of the process, particu-
larly if one is in a rush to “get going.” Yet the number of false starts and the ultimate
risks can be rather significant unless a good foundation is laid from the beginning. A
complete description of the need, expressed in quantitatively stated performance pa-
rameters where possible, is essential. It is important that the results reflect a true cus-
tomer requirement, especially in today’s environment where resources are limited.

'As an example of an “iteration,” the functional analysis actually commences with the identification of the
problem and a description of the functions that are not currently being accomplished; these functions are
then established as a basis for the evaluation of possible alternative technology applications in a feasibil-
ity analysis; operational functions are identified in defining the operational requirements for the system;
maintenance functions are described in the development of the maintenance concept; and an overall func-
tional baseline for the system ultimately evolves from these earlier activities. In other words, the functional
analysis is actually accomplished within the first six blocks shown in Figure 2.1, with the appropriate
“feedback™ as one progresses downward.
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2.2 DEVELOPMENT OF CONSUMER NEED

Given the problem definition, a needs analysis must be accomplished with the ob-
jective of translating a broadly defined “want” into a more specific system-level re-
quirement. At this point, the questions are, What is required of the system in “func-
tional” terms and what specific functions must the system accomplish? Why must
they be accomplished? What are the primary functions? What are the secondary func-
tions? What must be accomplished to alleviate the stated deficiency? When must this
be accomplished? Where is this to be accomplished and for how long? How many
times must this be accomplished? There are many basic questions of this nature, and
it is important to describe the consumer (customer) requirements in a functional man-
ner in order to avoid a premature commitment to a specific design concept or config-
uration, and thus the unnecessary expenditure of valuable resources. The ultimate ob-
jective is to define the “WHATSs” and not the “HOWSs.”

Accomplishing a needs analysis in a satisfactory manner can best be realized
through a team approach involving the customer, the ultimate consumer/user (if dif-
ferent from the customer), the contractor or producer, and major suppliers as appro-
priate. The objective is to ensure proper communications between the parties in-
volved. The voice of the customer must be heard, and the system developer must
respond accordingly. Methods such as conducting surveys, interviews, the use of
checklists, the application of such tools as quality function deployment (QFD), and
related techniques may be employed. As the definition of need is sometimes not ap-
parent in the beginning, there may be several iterations of meetings, interviews, ques-
tion exchanges, and so on, until there is full agreement.?

2.3 SYSTEM FEASIBILITY ANALYSIS

Through a needs analysis, the functions that the system must perform are identified.
There may be a single function such as “transport product XYZ from point A to point
B,” or “communicate between points D, E, and F,” or “produce X quantity of Y prod-
ucts by time Z.” On the other hand, there may be a number of different functions to
be performed, some primary and some secondary. To ensure a good design, all pos-
sible functions must be identified, the most rigorous functions being selected as the
basis for defining system-level design requirements. It is important that a// possibil-
ities be addressed to ensure that the proper technologies and components are selected
for design consideration.

A feasibility analysis is accomplished with the objective of evaluating the differ-
ent technological approaches that may be considered in responding to the specified

2An excellent technique, often utilized as an aid in defining requirements and ensuring that the proper com-
munications exist between the customer/consumer and producer, is the Quality Function Deployment
(QFD) method. The QFD method was developed initially at the Kobe shipyard of Mitsubishi Heavy In-
dustries, Japan, and has evolved considerably since. It is used to facilitate the translation of a prioritized
set of subjective customer requirements into a relevant set of system-level requirements during the con-
ceptual design phase. The application of the QFD method is demonstrated further in Section 2.6.
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functional requirements. In considering different design approaches, alternative tech-
nology applications are investigated. For instance, in the design of a communications
system, should one use fiber-optics technology, cellular, or the conventional hard-
wired approach? In designing an aircraft, to what extent should one incorporate com-
posite materials? When designing an automobile, should one apply very high-speed
integrated electronic circuitry in certain control applications, or should one select a
more conventional electromechanical approach?

It is necessary to (1) identify the various possible design approaches that can be
pursued to meet the requirements, (2) evaluate the most likely candidates in terms of
performance, effectiveness, logistics requirements, and life-cycle economic criteria,
and (3) recommend a preferred approach. The objective is to select an overall techni-
cal approach, and not to select specific components. There may be many alternatives;
however, the number of possibilities must be narrowed down to a few feasible options,
consistent with the availability of resources (i.e., manpower, materials, and money).

It is at this early stage in the life cycle (i.e., the conceptual design phase) where
major decisions are made relative to adopting a specific design approach. When there
is not enough information available, a research activity may be initiated with the ob-
Jjective of developing new methods/techniques for specific applications. In some pro-
grams, the completion of applied research tasks and preliminary design activity is
accomplished sequentially, whereas in other situations, there may be a number of dif-
ferent mini-projects under way at the same time.

The results of the feasibility analysis will have a significant impact not only on the
operational characteristics of a system, but on the production and maintenance sup-
port requirements as well. The selection (and application) of a given technology has
reliability and maintainability implications, may significantly affect the requirements
for spare parts and test equipment, may impact manufacturing methods, and will cer-
tainly impact life-cycle cost.

With the early feasibility analysis being so critical and having such a large impact
on the follow-on system design and development activity, the role of the system en-
gineer becomes important. In most situations, the detailed investigations and evalua-
tion efforts leading to specific design approaches are highly technical and are accom-
plished by specialists in a given engineering discipline. Often, these specialists are
not oriented to the “system” as an overall entity, or its manufacturing process, or its
maintenance and support capability, or the factors affecting life-cycle cost. Yet, major
design decisions are made, the results of which end up in the system specification,
and all subsequent design activity must comply. Thus, the need for a strong system
engineering thrust at this early stage in the life cycle is critical.

2.4 SYSTEM OPERATIONAL REQUIREMENTS

With the identification of a need, combined with the selection of a feasible technical
design approach, it is necessary to project this information in terms of anticipated op-
erational requirements. Operational requirements reflect the needs of the consumer
relative to system utilization and the accomplishment of a mission. The operational
concept, as defined herein, includes the following information:
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1. Operational distribution or deployment: The number of consumer sites where
the system will be utilized, the geographical distribution and schedule, and the type
and quantity of system components at each location. These factors respond to the
question, Where is the system to be utilized? Figure 2.2 presents a sample worldwide
distribution scheme.

2. Mission profile or scenario: Description of the prime mission of the system and
its alternative or secondary missions. What is the system to accomplish in respond-
ing to the need? How will it accomplish its objective? The response to these questions
may be defined through the development of a series of operational profiles, illustrat-
ing the dynamic aspects required in accomplishing a mission. An aircraft flight path
between two cities, an automobile route, and a shipping route are examples. Figure
2.3 provides a simple illustration of possible profiles.

3. Performance and related parameters: Definition of the basic operating charac-
teristics, or functions, of the system. This refers to parameters such as range, accu-
racy, rate, capacity, throughout, power output, size, and weight. What are the critical
system performance parameters necessary to accomplish the mission at the various
consumer sites? These should be related to the profiles in Figure 2.3.

4. Utilization requirements: Anticipated usage of the system and its components,
in accomplishing its mission. This refers to hours of system operation per day, duty
cycle, on—off cycles per month, percentage of total capacity utilized, facility loading,
and so on. How are the various system components to be utilized? This investigation
leads to determining some of the stresses imposed on the system by the operator and
its environment.

5. Effectiveness requirements: System requirements, specified quantitatively as
applicable, including cost/system effectiveness, operational availability, dependabil-
ity, reliability mean time between failure (MTBF), failure rate (A), readiness rate,

s

Figure 2.2 System operational requirements (geographical distribution).
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Figure 2.3 Sample system operational profiles. Source: LOGISTICS ENGINEERING AND
MANAGEMENT 5/E by Blanchard, Benjamin S., © Reprinted by permission of Pearson Educa-
tion, Inc., Upper Saddle River, NJ.

maintenance downtime (MDT), mean time between maintenance (MTBM), facility
utilization (in percent), personnel skill levels, cost, and so on. Given that the system
will perform, how effective or efficient will it be?

6. Operational life cycle (horizon): The anticipated time that the system will be
in operational use. How long will the system be in use by the consumer? What is the
total inventory profile for the system and its components, and where is this inventory
to be located? The anticipated system life cycle must be defined.

7. Environment: Definition of the environment in which the system is expected to
operate in an effective manner; for example, temperature, shock and vibration, noise,
humidity, arctic or tropics, mountainous or flat terrain, airborne, ground, or ship-
board. Following a set of mission profiles may result in specifying a range of values.
To what will the system be subjected during its operational use, and for how long? In
addition to system operations, environmental considerations should address trans-
portation, handling, and storage modes. It is possible that the system (and/or some of
its components) will be subjected to a more rigorous environment during transporta-
tion than during its operation.

The establishment of operational requirements forms the basis for system design.
Obviously, one needs answers to the following questions before proceeding further:
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1. What function(s) will the system perform?

2. When will the system be required to perform its intended function?
3. Where will the system be utilized and for how long?

4. How will the system accomplish its objective?

In responding to these questions, a baseline must be established. Although condi-
tions may change, some initial assumptions are required. For example, system com-
ponents will be utilized differently at different consumer locations, the distribution of
system components may vary as the need changes, and/or the length of the life cycle
may change as a result of obsolescence or the effects of competition. Nevertheless,
the aforementioned information has to be developed in order to proceed with system
design.

In the past, the operational requirements for many new systems were developed
(by a consultant, a marketing group, or an equivalent organizational entity), placed in
a file while awaiting a decision to proceed with preliminary design, and then forgot-
ten when subsequent design activity finally resumed. At that point, with the need for
this type of information readily apparent (but the information unavailable), individ-
ual design groups generated their own assumptions. Moreover, not all of the design
functions were referencing the same baseline, and conflicting requirements evolved.
This, in turn, led to the development of systems that did not meet consumer require-
ments and the initiation of corrective action through costly modifications. In other
words, if the applicable operational requirements are not well defined and integrated
into the design process, the later results can be quite costly.

This is another critical area of activity where a strong system engineering thrust is
necessary. The operational requirements for the system must be thoroughly defined
and integrated, and the appropriate information must be disseminated in a timely
manner throughout all applicable design organizations. Everyone involved in the de-
sign process must track the same baseline.

2.5 THE MAINTENANCE AND SUPPORT CONCEPT

In addressing system requirements, the normal tendency is to deal primarily with
those elements of the system that relate directly to the “performance of the mission”;
that is, prime equipment, operator personnel, operational software, and associated
data. At the same time, there is very little attention given to system support. In gen-
eral, the emphasis in the past has been directed toward only part of the system, and
not the entire system. This, of course, has led to some of the problems discussed in
Section 1.1.

To meet the overall objectives of system engineering, it is essential that all aspects
of the system be considered on an integrated basis. This includes not only the prime
mission-oriented segments of the system, but the support capability as well. System
support must be considered from the beginning (e.g., during the feasibility analysis
when new technologies are being evaluated for possible application), and a before-
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the-fact maintenance concept must be developed as to how the proposed system is to
be supported on a life-cycle basis.?

The maintenance concept, developed during conceptual design, evolves from the
definition of system operational requirements, as illustrated by the flowchart in Fig-
ure 2.4. Initially, one must deal with the flow of activities and materials from design,
through production, and to the consumer’s operational site(s) where the system is
being utilized. In addition, there is a flow involving the system support capability. In
Figure 2.4, a maintenance flow exists when items are returned from the operational
site to the intermediate and depot levels of maintenance. A second flow involves the
distribution of spare parts, personnel, test equipment, and data from the various sup-
pliers to the intermediate and depot levels of maintenance, and to the operational sites
as required. The flowchart in Figure 2.4 reflects the activities that are related to the
overall system support capability.

Although there are some variations as a function of the nature and type of system,
the maintenance concept generally includes the following information:

1. Levels of maintenance: Corrective and preventive maintenance may be per-
formed on the system itself (or an element thereof) at the site where the system is
used by the consumer, in an intermediate shop near the consumer, and/or at a depot
or manufacturer’s facility. Maintenance level pertains to the division of functions and
tasks for each area where maintenance is performed. Anticipated frequency of main-
tenance, task complexity, personnel skill-level requirements, special facility needs,
and so on, dictate to a great extent the specific functions to be accomplished at each
level. Depending on the nature and mission of the system, there may be two, three, or
four levels of maintenance. However, for the purposes of further discussion, mainte-
nance is classified as “organizational,” “intermediate,” and “supplier/depot.”

a. Organizational maintenance. Organizational maintenance is performed at
the operational site (e.g., airplane, vehicle, manufacturing production line, or com-
munication facility). Generally, it includes tasks performed by the using organiza-
tion on its own equipment. Organizational-level personnel are usually involved
with the operation and use of equipment and have minimum time available for de-
tail system maintenance. Maintenance at this level normally is limited to periodic
checks of equipment performance, visual inspections, cleaning of system ele-
ments, verification of software, some servicing, external adjustments, and the re-
moval and replacement of some components. Personnel assigned to this level gen-
erally do not repair the removed components, but forward them to the intermediate

YThe maintenance concept is defined in this text as a “before-the-fact series of illustrations and statements
pertaining to how the system is to be designed for supportability (e.g., two versus three levels of mainte-
nance, system/component packaging, degree of diagnostics incorporated, quantitative effectiveness re-
quirements for the various elements of support, etc.),” whereas the maintenance plan defines the specific
requirements for support based on a known configuration and on the results from a supportability analy-
sis. The maintenance concept is an input to design, and the maintenance plan is the result of design. Com-
plete coverage of the maintenance concept is presented B. S. Blanchard, Logistics Engineering and Man-
agement, 5th ed. (Upper Saddle River, NJ: Prentice-Hall), 1998,
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level. From the standpoint of maintenance, the least skilled personnel are assigned
to this function. The design of equipment must take this fact into consideration (i.e.,
design for simplicity).

b. Intermediate maintenance. Intermediate maintenance tasks are performed
by mobile, semimobile, and/or fixed specialized organizations and installations.
At this level, end items may be repaired by the removal and replacement of major
modules, assemblies, or piece parts. Scheduled maintenance requiring equipment
disassembly may also be accomplished. Available maintenance personnel are usu-
ally more skilled and better equipped than those at the organizational level and are
responsible for performing more detail maintenance.

Mobile or semimobile units are often assigned to provide close support to de-
ployed operational systems. These units may be vans, trucks, or portable shelters
containing some test and support equipment and spares. The mission is to provide
on-site maintenance (beyond that accomplished by organizational-level person-
nel) to facilitate the return of the system to its full operational status on an expe-
dited basis. A mobile unit may be used to support more than one operational site.
A good example is the maintenance vehicle that is deployed from the airport
hangar to an airplane parked at a commercial airline terminal gate and needing ex-
tended maintenance.

Fixed installations (permanent shops) are generally established to support both
the organizational-level tasks and the mobile or semimobile units. Maintenance
tasks that cannot be performed by the lower levels, due to limited personnel skills
and test equipment, are performed here. High personnel skills, additional test and
support equipment, more spares, and better facilities often enable equipment re-
pair to the module and component part level. Fixed shops are usually located
within specified geographical areas.

Rapid maintenance turnaround times are not as imperative here as at the lower
levels of maintenance.

c. Depot or supplier maintenance. The depot level constitutes the highest type
of maintenance and supports the accomplishment of tasks above and beyond the
capabilities available at the intermediate level. Physically, the depot may be a spe-
cialized repair facility supporting a number of systems/equipment in the inventory
or may be the equipment manufacturer’s plant. Depot facilities are fixed, and mo-
bility is not a problem. Complex and bulky equipment, large quantities of spares,
environmental control provisions, and so on, can be provided if required. The
high-volume potential in depot facilities fosters the use of assembly-line tech-
niques, which, in turn, permits the use of relatively unskilled labor for a large por-
tion of the workload, with a concentration of highly skilled specialists in such cer-
tain key areas as fault diagnosis and quality control.

The depot level of maintenance includes the complete overhauling, rebuilding,
and calibration of equipment, as well as the performance of highly complex main-
tenance actions. In addition, the depot provides an inventory supply capability.
The depot facilities are generally remotely located to support the needs of a spe-
cific geographical area or designated product lines.
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The three levels of maintenance are presented in Figure 2.5.4

2. Repair policies: Within the constraints illustrated in Figures 2.4 and 2.5, there
may be a number of possible policies specifying the extent to which repair of a sys-
tem component will be accomplished (if at all). A repair policy may dictate that an
item should be designed to be nonrepairable, partially repairable, or fully repairable.
Repair policies are established initially, criteria are then developed, and system de-
sign progresses within the bounds of the repair policy that is selected. An example of
a repair policy, for System XYZ, developed as part of the maintenance concept dur-
ing conceptual design, is illustrated in Figure 2.6.3

3. Organizational responsibilities: The accomplishment of maintenance may be
the responsibility of the consumer, the producer (or supplier), a third party, or a com-
bination thereof. In addition, the responsibilities may vary, not only with different
components of the system, but over time, through operational use of the system and
the sustaining support phase. Decisions pertaining to organizational responsibilities
may impact system design from a diagnostic and packaging standpoint, as well as
dictate repair policies, contract warranty provisions, and the like. Although condi-
tions may change, some initial assumptions are required at this point.

4. Maintenance support elements: As part of the initial maintenance concept, cri-
teria must be established relating to the various elements of maintenance support.
These elements include supply support (spare and repair parts, associated inventories,
provisioning data), test and support equipment, personnel and training, transportation
and handling equipment, facilities, data, and computer resources. Such criteria, as an
input to design, may cover self-test provisions, built-in versus external test require-
ments, packaging and standardization factors, personnel quantities and skill levels,
transportation and handling factors and constraints, and so on. The maintenance con-
cept provides some initial system design criteria pertaining to the activities illustrated
in Figure 2.4, and the final determination of specific logistic and maintenance sup-
port requirements will occur through the completion of a maintenance engineering
analysis as design progresses.

5. Effectiveness requirements: These requirements are the factors associated with
the support capability. In the supply support area, they may include a spare part de-
mand rate; the probability of a spare part being available when required; the proba-
bility of mission success given a designated quantity of spares in the inventory; and
the economic order quantity as related to inventory procurement. For test equipment,
the length of the queue while waiting for test, the test station process time, and the

“The criteria presented in the figure represent just an example of the guidance information that might be es-
tablished as a start in attempting to develop various maintenance policies (or the extent of maintenance to
be accomplished at each level). Actually, one will need to consider a number of factors (e.g.. economics,
technology, social and security factors, warranty provisions, cost, and component criticality) in determining
what will be repaired and where, and these need to be tailored to the particular system being addressed.
SRepair policies are usually verified through a level-of-repair analysis (LORA), initially accomplished in
conjunction with the maintenance concept development, later accomplished as part of a maintainability
analysis and/or supportability analysis, and ultimately leading to the development of the maintenance plan.
Refer to Chapter 3 and the case study presented in Appendix B for additional discussion.
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test equipment reliability are key factors. In transportation, transportation rates, trans-
portation times, the reliability of the transportation, and transportation costs are of
significance. For personnel and training, one should be interested in personnel quan-
tities and skill levels, human error rates, training rates, training times, and train-
ing equipment reliability. In software, the number of errors per mission segment or
per line of code may be important measures. These factors, as related to a specific
system-level requirement, must be addressed. It is meaningless to specify a tight
quantitative requirement applicable to the repair of a prime element of the system
when it takes six months to acquire a needed spare part. The effectiveness require-
ments applicable to the support capability must complement the requirements of the
system overall.

6. Environment: Definition of the environment as it pertains to maintenance and
support. This includes temperature, shock and vibration, humidity, noise, arctic ver-
sus tropical environment, mountainous versus flat terrain, shipboard versus ground
conditions, and so on, as applicable to maintenance activities and related transporta-
tion, handling, and storage functions.

In summary, the maintenance concept provides the basis for the establishment of
supportability requirements in system design. Not only do these requirements impact
the prime mission-oriented segments of the system, but they should provide guidance
in the design and/or procurement of the necessary elements of logistic support. In ad-
dition, thc maintenance concept forms the baseline for the development of the de-
tailed maintenance plan, prepared during the detail design and development phase.®

2.6 IDENTIFICATION AND PRIORITIZATION OF TECHNICAL
PERFORMANCE MEASURES (TPMS)

With the development of the operational requirements and the maintenance concept
for the system, it is necessary for the designer to review these requirements in terms
of relative degrees of importance, criticality from the standpoint of accomplishing the
desired mission(s), and priorities in design in the event that trade-offs are necessary.
In the design of a vehicle, is speed more important than size? For a manufacturing
plant, is production quantity more important than product quality? In a communica-
tion system, is range more important than reliability or clarity of message? For a
computer capability, is capacity more important than speed?

The number of objectives may be numerous, and the designer needs to understand
which are more important than others and the relationships between them. In addi-
tion, it is desirable to express these objectives in quantitative terms where feasible. It
is difficult (if not impossible) to proceed with the design in a satisfactory manner un-
less there are some “measurable” goals specified from the beginning. These goals, in
turn, must reflect the customer’s (consumer’s) requirements.

%It should be noted that development of system operational requirements and the maintenance and support
concept should (together) cover all of the activities shown with the forward and reverse flows in Figure 1.20.
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Figure 2.7 Obijectives tree (partial).

In the development of a system’s operational requirements and the maintenance
concept, there are a number of measurable goals. The use of an “objectives tree,” or
something of an equivalent nature, may aid in facilitating prioritization. As shown in
Figure 2.7, requirements are often expressed in very general qualitative terms and in-
cluded in a specification. The question is, How does one respond to a requirement
such as “The system must be designed to meet customer requirements effectively and
efficiently”? How does one measure the results for the purposes of validation?

In the absence of better guidance, the designer will need to interpret the specified
requirements and make some assumptions relative to what is meant by “effectively”
and “efficiently.” Although the objective is to design a system in response to con-
sumer requirements, it may not always happen unless there is a good communications
link between the designer and the customer. Through a team effort, the approach con-
veyed in Figure 2.7 can help clarify the requirements. Initially, it may be necessary
to express design objectives in qualitative terms, showing their relationships in a top-
down hierarchical manner. Subsequently, an attempt should be made to establish
quantitative measures for each block in the figure and ensure that the appropriate
“traceability” exists both downward and upward. Applying this approach to the sys-
tem breakdown in Figure 1.14, what measures should be applied and to what level in
the overall hierarchical structure for the system? Further, what design criteria should
be established for each level? Is reliability more important than maintainability? Are
human factors more important than cost? Establishing these relationships will, in
turn, help the designer to identify areas where emphasis must be applied in the design
process and the areas that can be traded-off in the event that something has to “give.”
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An excellent tool that can be applied to aid in establishing the necessary commu-
nications between designers and the consumer (i.e., the “customer”) is the guality
function deployment (QFD) method. QFD constitutes a “team” approach to help en-
sure that the voice of the customer is reflected in the ultimate design. The purpose is
to establish the necessary requirements and to translate those requirements into tech-
nical solutions. Consumer requirements and preferences are defined and categorized
as attributes, which are then weighted according to the degree of importance. The
QFD method gives the design team an understanding of customer desires, forces the
customer to prioritize those desires, and enables a comparison of one design approach
against another. Each customer attribute is then satisfied by a technical solution.”

The QFD process involves constructing one or more matrices, the first of which is
often referred to as the “House of Quality” (HOQ). A modified version of the HOQ
is presented in Figure 2.8. Starting on the left side of the structure is the identifica-
tion of customer needs and the ranking of those needs in terms of priority, the levels
of importance being specified quantitatively. This reflects the “WHATSs” that must be
addressed. A team, with representation from both consumer and design organiza-
tions, determines the priorities through an iterative process of review, evaluation, re-
vision, reevaluation, and so on. The top part of the HOQ identifies the designer’s tech-
nical response relative to the attributes that must be incorporated into the design in
order to respond to the needs (i.e., the “voice of the customer”). This constitutes the
“HOWSs,” and there should be at least one technical solution for each identified cus-
tomer need. The interrelationships among attributes (or technical correlations) are
identified, as well as possible areas of conflict. The center part of the HOQ conveys
the strength of the proposed technical response or its impact on the identified re-
quirement. The bottom part allows for a comparison between possible alternatives,
and the right side of the HOQ is used for planning purposes.?

The QFD method is used to facilitate the translation of a prioritized set of subjec-
tive customer requirements into a set of system-level requirements during conceptual
design. A similar approach may be used to subsequently translate system-level re-
quirements into a more detailed set of requirements at each stage in the design and
development process. In Figure 2.9, the “HOWSs” from one house become the
“WHATSs” for a succeeding house. Requirements may be developed for the system,
subsystem, component, the manufacturing process, the support infrastructure, and so
on. The objective is to ensure the required justification and traceability of require-
ments from the top down. Further, requirements should be stated in functional terms.

Although the QFD method may not be the only approach used in defining the re-
quirements for system design, it does constitute an excellent tool for creating the nec-
essary visibility from the beginning. One of the largest contributors to risk is the lack
of a good set of requirements and an adequate system specification. Inherent within

"Three good references pertaining to the QFD process are (a) L. Cohen, Quality Function Deployment:
How to Make QFD Work for You (Reading, MA: Addison-Wesley, 1995); (b) J. B. Revelle, J. W. Moran,
and C. Cox, The QFD Handbook (New York: John Wiley & Sons, Inc., 1997); and (c) P. Biren, “Review
of QFD and Related Deployment Techniques,” Journal of Manufacturing Systems 17, no. 3 (1998).

8J. R. Hauser, and D. Clausing, “The House of Quality,” Harvard Business Review, (May—June 1988).
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the system specification should be the identification and prioritization of technical
performance measures (TPMs), as illustrated in Figure 2.10. The TPM, its associated
measure (i.e., “metric”), its relative importance, and “benchmark” objective in terms
of what is currently available will provide designers with the necessary guidance for
accomplishing their task. This is essential for establishing the appropriate levels of
design emphasis, for defining the criteria as an input to the design, and for identify-
ing the levels of possible risk should the requirements not be met.

2.7 FUNCTIONAL ANALYSIS

An essential element of early conceptual and preliminary design is the development
of a functional description of the system to serve as a basis for the identification of
the resources necessary for the system to accomplish its objective(s). A function is a
specific or discrete action (or series of actions) necessary to achieve a given objec-
tive; that is, an operation that the system must perform to accomplish its mission, or
a maintenance action that is necessary to restore the system to operational use. Such
actions may ultimately be accomplished through the use of equipment, people, soft-
ware, facilities, data, or combinations thereof. However, at this point, the objective is
to specify the “WHATS” and not the “HOWS”; that is, what needs to be accomplished
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Figure 2.10 Prioritization of technical performance measures (TPMs).

versus how it is to be done. The functional analysis is an iterative process of break-
ing down requirements from the system level, to the subsystem, and as far down the
hierarchical structure as necessary to identify input design criteria and/or constraints
for the various elements of the system.’

In Figure 2.1, the functional analysis may be initiated in the early stages of con-
ceptual design as part of the problem definition and needs analysis task, and functions
that the system must perform in order to fulfill the needs of the consumer are identi-
fied. These operating functions are then expanded and formalized through the devel-
opment of system operational requirements. Primary maintenance and support func-
tions for the system, which evolve from the operational requirements, are identified
as part of the maintenance concept development process. Subsequently, these func-
tions must be expanded to include all of the activity, from the initial identification of
need to the retirement of the system.

“In applying the principles of system engineering, not one piece of equipment, or element of software, or
data item, or element of support should be identified and purchased without the need for such having first
been justified through a functional analysis. On many projects, items are often purchased on the basis of
what was initially perceived as a “requirement,” but which later turned out not to be needed in the end. This
practice, of course, can turn out to be quite costly.
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A functional analysis can be facilitated through the use of functional flow block
diagrams, as illustrated in Figure 2.11. Block diagrams are developed primarily for
the purpose of structuring system requirements into “functional terms.” They are de-
veloped to illustrate basic system organization and to identify functional interfaces.
The functional analysis (and the generation of functional flow diagrams) is intended
to enable the completion of the design, development, and system definition process
in a comprehensive and logical manner. Top-level requirements are identified, parti-
tioned to a second level, and on down to the depth required for the purposes of defi-
nition. More specifically, the functional approach helps to ensure the following:'°

1. That all facets of system design and development, production, operation, sup-
port, and retirement are covered; that is, all significant activities within the sys-
tem life cycle

2. That all elements of the system are fully recognized and defined; that is, prime
equipment, spare/repair parts, test and support equipment, facilities, personnel,
data, and software

3. That a means is provided for relating system packaging concepts and support
requirements to specific system functions; that is, satisfying the requirements
of good functional design

4. That the proper sequences of activity and design relationships are established,
along with critical design interfaces

One of the objectives of functional analysis is to ensure traceability from the top
system-level requirements down to the requirements for detail design. In Figure 2.12,
it is assumed that there is a need for transportation between City “A” and City “B.”
Through a feasibility analysis, trade-off studies were accomplished, and the results
indicate that transportation by air is the preferred mode. Subsequently, through the
definition of operational requirements, it was concluded that there is a requirement
for a new aircraft system, demonstrating good performance and effectiveness char-
acteristics, with quantitative goals specified for size, weight, thrust, range, fuel ca-
pacity, reliability, maintainability, supportability, cost, and so on. An aircraft must be
designed and produced that will accomplish its mission in a satisfactory manner, fly-
ing through a number of operational profiles such as the one illustrated in Figure 2.12.
Further, the maintenance concept indicates that the aircraft will be designed for sup-
port at three levels of maintenance by the user, will incorporate built-in test provi-
sions, and will be in operational use for a life cycle of 10 years.

With this basic information, following the general steps in Figure 2.1, one can
commence with the structuring of the system in functional terms. A top-level func-
tional flow diagram can be developed to cover the primary activities identified within
the specified life cycle. Each of these designated activities can be expanded through

'9The preparation of functional flow block diagrams (FFBDs) may be accomplished through the use of any
one of a number of graphical methods, including the Integrated DEFinition (IDEF) modeling method, the
Behavioral Diagram method, and the N-Squared Charting method. Although the graphical descriptions are
different, the ultimate objectives are similar.



2.7 FUNCTIONAL ANALYSIS 67

l System Requirements ]

System top-level functions *
1.0 * . 2.0 3.0 40 J
Function “A” Function “B” Function “C” Function “D"
- A
~

750 ¥ N\

I A}

Function “E” L

Second-level functions

) |
/\ = / GIOF nction “F
r

v

5.1 5.3

E——— >

Third-level functions ) *

55.1 55.2 553
E——-> > —»E
554 555 /

T -
v

Figure 2.11 System functional breakdown.

L

a second-level functional flow diagram, a second-level activity into a third-level func-
tional flow, and so on.

Through this progressive expansion of functional activities, directed to defining
the “WHATSs” (versus the “HOWSs”), one can evolve from the mission profile in Fig-
ure 2.12 down to a specific aircraft capability such as “communications.” A commu-
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nications subsystem is identified, trade-offs are accomplished, and a detail design ap-
proach is selected. Specific resources that are necessary to respond to the stated func-
tional requirement can be identified. In other words, one can drive downward from
the system level to identify the resources needed to perform certain functions (e.g.,
equipment, people, facilities, and data). Also, given a specific equipment require-
ment, one can progress “upward” for justification of that requirement. The functional
analysis provides the mechanism for “down—up” traceability.

2.7.1 Functional Flow Block Diagrams (FFBDs)

In the development of functional flow diagrams, some degree of standardization is nec-
essary, for the purpose of “communication,” in defining the system. Thus, certain basic
practices and symbols should be used, whenever possible, in the physical layout of
functional diagrams. The following paragraphs provide some guidance in this direction:

1. Function block: Each separate function in a functional diagram should be pre-
sented in a single box enclosed by a solid line. Blocks used for reference to other flows
should be indicated as partially enclosed boxes labeled “REF.” Each function may be
as gross or detailed as required by the level of the functional diagram on which it ap-
pears, but it should stand for a definite, finite, discrete action to be accomplished by
equipment, personnel, facilities, software, or any combination thereof. Questionable
or tentative functions should be enclosed in dotted blocks.

2. Function numbering: Functions identified on the functional flow diagrams at
each level should be numbered in a manner that preserves the continuity of functions
and provides information with respect to function origin throughout the system.
Functions in the top-level functional diagram should be numbered 1.0, 2.0, 3.0, and
so on. Functions that further indenture these top functions should contain the same
parent identifier and should be coded at the next decimal level for each indenture. For
example, the first indenture of function 3.0 would be 3.1, the second 3.1.1, the third
3.1.1.1, and so on. For expansion of a higher-level function within a particular level
of indenture, a numerical sequence should be used to preserve the continuity of func-
tion. For example, if more than one function is required to amplify function 3.0 at the
first level of indenture, the sequence should be 3.1, 3.2, 3.3, . . ., 3.n. For expansion
of function 3.3 at the second level, the numbering will be 3.3.1, 3.3.2, . .., 3.3.n
Where several levels of indentures appear on a single functional diagram, the same
pattern should be maintained. Whereas the basic ground rule should be to maintain a
minimum level of indentures on any one particular flow, it may become necessary to
include several levels to preserve the continuity of functions and to minimize the
number of flows required to functionally depict the system.

3. Functional reference: Each functional diagram should contain a reference to its
next higher functional diagram through the use of a reference block. For example,
function 4.3 should be shown as a reference block in the case where functions 4.3.1,
4.3.2,...,4.3.n, are being used to expand function 4.3. Reference blocks should also
be used to indicate interfacing functions as appropriate.
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4. Flow connection: Lines connecting functions should indicate only the func-
tional flow and should not represent either a lapse in time or any intermediate activ-
ity. Vertical and horizontal lines between blocks should indicate that all functions so
interrelated must be performed in either a parallel or a series sequence. Diagonal lines
may be used to indicate alternative sequences (cases where alternative paths lead to
the next function in the sequence).

5. Flow directions: Functional diagrams should be laid out so that the functional
flow is generally from left to right, and the reverse flow, in the case of a feedback
functional loop, from right to left. Primary input lines should enter the function block
from the left side; the primary output, or GO line, should exit from the right; and the
NO-GO line should exit from the bottom of the box.

6. Summing gates: A circle should be used to depict a summing gate. As in the
case of functional blocks, lines should enter and/or exit the summing gate as appro-
priate. The summing gate is used to indicate convergence or divergence, or parallel
or alternative functional paths, and is annotated with the term AND or OR. The term
AND is used to indicate that parallel functions leading into the gate must be accom-
plished before proceeding to the next function, or that paths emerging from the AND
gate must be accomplished after the preceding functions. The term OR is used to in-
dicate that any of several alternative paths (alternative functions) converge to, or di-
verge from, the OR gate. The OR gate thus indicates that alternative paths may lead
or follow a particular function.

7. Go and no-go paths: The symbols G and G are used to indicate go and no-go
paths, respectively. The symbols are entered adjacent to the lines leaving a particular
function to indicate alternative functional paths.

8. Numbering procedure for changes to functional diagrams: Additions of func-
tions to existing data should be accomplished by locating a new function in its cor-
rect position without regard to sequence of numbering. The new function should be
numbered using the first unused number at the level of indenture appropriate for the
new function.

The functions identified should not be limited strictly to those necessary for the
operation of the system, but must consider the possible effects of maintenance on sys-
temn design. In most instances, maintenance functional flows will evolve directly from
operational flows.

2.7.2 Operational Functions

Operational functions, in this instance, constitute those that describe the activities
that must be accomplished in order to fulfill the mission requirements. These may in-
clude both (1) those activities that involve the design, development, production, and
distribution of a system for use and (2) those activities that are related directly to the
completion of a consumer mission scenario. In the second category, these may in-
clude a description of the various modes of system operation and utilization. For in-
stance, typical gross operating functions may entail (1) “prepare aircraft for flight,”
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(2) “transport material from the factory to the warehouse,” (3) “initiate communica-
tions between the producer and the user,” (4) “produce x quantity of units in a seven-
day time frame,” and (5) “process a data to eight company distribution outlets, in b
time, with ¢ accuracy, and in d format.” System functions necessary to successfully
complete the identified modes of operation are then described.

Figure 2.13 illustrates a simplified operational flow diagram. Note that the words in
each block are “action oriented” and the block numbering allows for the downward—
upward traceability of resource requirements. The functions are broken down to the
depth necessary to describe the resources that will be required to accomplish the
function—that is, equipment, software, people, facilities, and so on.

2.7.3 Maintenance and Support Functions

Once operational functions are described, the system development process leads to
the identification of maintenance and support functions. For instance, there are spe-
cific performance expectations or measures associated with each block in an opera-
tional functional flow diagram. A check of the applicable functional requirement will
indicate either a “go” or a “no-go” decision. A “go” decision leads to a check of the
next operational function. A “no-go” indication (constituting a symptom of failure)
provides a starting point for the development of a detailed maintenance functional
flow diagram. The transition from an operational function to a maintenance function
is illustrated in Figure 2.14. Figure 2.15 presents a more in-depth functional flow
diagram.'’

1t should be noted that all of the forward and reverse flow activities shown in Figure 1.20 should be cov-
ered through either the “operational” or the “maintenance and support” functional flow block diagrams
(FFBDs).
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2.7.4 Application of Functional Analysis

The functional analysis provides an initial description of the system and, as such, its
applications are extensive. Figure 2.16 illustrates a top-level operational functional
flow diagram for a manufacturing system, commencing with the identification of
need (block 1.0) and extending through system retirement (block 7.0). In areas where
a greater degree of definition is desirable, the applicable block(s) may be broken
down to a second level, third level, and so on, in order to gain the appropriate level of
visibility necessary for the determination of resource requirements. In this instance,
the ultimate manufacturing “operating” functions have been identified in the break-
out of block 5.1.

For each of the blocks in Figure 2.16, the analyst should be able to specify input
requirements, expected outputs, external controls and/or constraints, and the mecha-
nisms (or resources) necessary to accomplish the specific function in question. In the
process of identifying the appropriate resource requirements, there may be a number
of alternative approaches that should be considered. Trade-off studies are conducted,
alternatives are evaluated against criteria developed from the established technical
performance measures (i.e., the TPMs derived in Section 2.6), and a preferred ap-
proach is recommended. It is at this point that one begins to identify the requirements
for hardware, software, people, facilities, data, or combinations thereof. Figure 2.17
reflects the process that should be applied to each of the blocks in Figure 2.16.

In the evaluation of each functional requirement, the alternatives may include the
selection of “commercial off-the-shelf” (COTS) items readily available from a num-
ber of different sources of supply, COTS items that may require some degree of modi-
fication, and/or “developmental” items that are unique to a particular application or
where some new design is required. Past experience has indicated that extensive time
and cost savings can be realized through the selection of readily available COTS
equipment or reusable software, the utilization of existing facilities, and so on. Fig-
ure 2.18 illustrates the various options in this area.!”

Figure 2.18 shows that it is essential that a good definition of the inputs and out-
puts (and the applicable metrics) be established if one is to fully understand not only
the interfaces between the different functions identified in Figure 2.16, but the pre-
cise requirements in the process of resource identification. If these input-output re-
quirements are not well defined, the decision-making process as to a preferred ap-
proach becomes difficult; thus leading to the possibility of initiating a new costly
design and development effort when, in actuality, an existing off-the-shelf item could
fulfill the need.

"’In recent years there has been considerable emphasis on the utilization of commercial off-the-shelf
(COTS) items, versus the pursuit of new design efforts at the detailed component level, in the development
of new systems and in the modification and upgrade of existing systems that are currently in the inventory.
This has been particularly applicable in the acquisition and upgrade of defense systems. The objectives are
to reduce the time involved in the development and acquisition of new systems, improve system support-
ability/serviceability through the utilization of standard components that can be easily backed up with
readily available spares and repair parts obtainable from multiple sources of supply, and to reduce costs
from a life-cycle perspective.
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Figure 2.16 Functional flow diagram for a manufacturing system.



2.7 FUNCTIONAL ANALYSIS 75

e Technical

e Political

® Sociological

® Economic

® Environmental

e System requirements e System/product ready

-1 ®Organizational structure Functional for consumer use r o
[:> Lln_pits_l * Raw materials o Supporting resources I_Oﬂtpuis)l :>

® Waste (residue)

e Data/documetation

® Human resources

* Materials/fiquids

e Computer resources

e Facilities/utilities

® Maintenance and
support
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Figure 2.18 Identification of commercial off-the-shelf (COTS) items from functional analysis.
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The functional analysis can facilitate an “open-architecture” approach to system
design. A good comprehensive functional description of the system, with the inter-
faces well defined (both qualitatively and quantitatively), can lead to a structure that
will not only allow for the rapid identification of resource requirements, but permit the
possible incorporation of new technologies later. The objective is to design and de-
velop a system that can be easily modified, through the insertion of new technologies,
without causing a “costly” redesign of all of the elements of the system in the process.

In many current situations, the requirements in design are changing from a de-
tailed “design to the component level” to the design of systems using a “black-box-
integration” approach. Given the need to reduce acquisition times, while responding
to an ever-changing set of requirements on a continuing basis and with many more
suppliers involved, the system architecture must allow for the ease of upgrade and/or
modification. In other words, the system structure must be such as to facilitate design
on an evolutionary basis, and with minimum cost. This can be enhanced through a
good and comprehensive functional definition of the system in the early conceptual
design phase of the life cycle.

Figure 2.19 illustrates a manufacturing system in which there are many suppliers
(on various locations throughout the world) who produce components for a consumer
product that must be effectively integrated and tested. There are fabrication functions,
subassembly functions, assembly functions, and test functions. Where, in many in-
stances in the past, the manufacturing activity involved a bottom-up “build” approach,
the challenges today relate to the integration of the various components into the end

Materials Fabrication of
(Supplier "D") Subassembly "D" Critical
integration
points
Supplier "B"=——>- Subassembly "B"
Product

Supplier "A" ——)4 Subassembly "A" |[ ¢ integration = Customer

and test

Supplier "C" — Subassembly "C" ‘

Subassembly "E"
(manufactured in-house)

Materials
(various suppliers)

e o e e e —— — — ——

Feedback for corrective action -« —

Figure 2.19 Manufacturing system (critical integration points).
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product. Without a good early definition and specification of the functional inter-
faces, the final integration and test activity may result in a costly trial-and-error pro-
cess. In Figure 2.19, the example reflects a factory where the subprocesses were
being accomplished effectively and efficiently; however, there were considerable
problems associated with the “integration” activities—that is, the four critical inte-
gration points. The functional interfaces were not well defined from the beginning,
causing a great deal of modification and rework downstream.

In completing a functional analysis, care should be taken to ensure that the re-
quired resources are properly identified for each function. A time line analysis may
be performed to determine whether the functions are to be accomplished in series or
in parallel. It may be possible to share resources in some instances; that is, the same
resources may be utilized to accomplish more than one function. The identified re-
sources may be combined and integrated to the extent possible. Every effort should
be made to avoid the specification of resources that are not necessary. Figure 2.20 il-
lustrates a documentation format that can be applied to formalize the identification of
such resources.

In summary, a functional analysis is a critical step in the early system design and
development effort, and it forms a baseline for many activities that are conducted sub-
sequently. For instance, it serves as a basis in the development of the following:

1. Electrical and mechanical design for functional packaging, condition moni-
toring, and diagnostic provisions

Reliability models and block diagrams

Failure made, effect, and criticality analysis (FMECA)

Fault-tree analysis (FTA)

Reliability-centered maintenance (RCM) analysis

Maintainability analysis

Human factors analysis

Operator task analysis (OTA)

Operational sequence diagrams (OSDs)

XNk W

I

System safety/hazard analysis

—
—

. Security analysis
. Level of repair analysis (LORA)
. Maintenance task analysis (MTA)

—_ -
B~ WoN

. Logistics analysis (supply chain analysis)
. Supportability/serviceability analysis
. Operating and maintenance procedures

—_—
~ O\ W

. Producibility analysis
18. Disposability and material recycling analysis

In the past, the functional analysis has not always been completed in a timely man-
ner, if completed at all. As a result, the various design disciplines assigned to a given
program have had to generate their own analyses in order to comply with program
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Figure 2.20 Document format for resource requirements.
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requirements. In many instances, these efforts were accomplished independently, and
many design decisions were made without the benefit of a common baseline to fol-
low. This, of course, resulted in design discrepancies and costly modifications later
in the system life cycle.

The functional analysis provides an excellent and very necessary baseline, and all
applicable design activities must “track” the same data source in order to meet the ob-
Jectives for system engineering, as stated in Chapter 1. For this reason, the functional
analysis is considered a key activity in the system engineering process.

2.8 REQUIREMENTS DEFINITION AND ALLOCATION

Having defined the basic architecture for the system, the discussion continues with
the “requirements analysis” process and defines the specific input design criteria for
the various subsystems and lower-level components of the overall system. With Fig-
ure 1.14 (blocks 0.1/0.2) defining the top system-level requirements, it is now essen-
tial to define the specific “design-to” requirements (criteria to which the system
should be defined) for critical items of equipment, major software modules, appli-
cable facilities, personnel, elements of support, and so on, that have been identified
through the functional analysis. The requirements for the system must be allocated
(or apportioned) down to its various components as appropriate. Conversely, the
composite of these requirements for the various components, when combined, must
support the initially specified requirements for the overall system. Basically, this is a
top-down requirements distribution process, which is somewhat iterative initially and
often resulting from trade-offs conducted horizontally across the spectrum of system
components. The ultimate objective is, of course, to be able to define specific quali-
tative and quantitative design requirements for each significant element of the system
and to include such requirements in the appropriate specification for use in the pro-
curement and acquisition process.!?

2.8.1 Functional Packaging and Partitioning

Given a top-level description of the system, the next step is to break the system down
into its components by partitioning.'* This involves a breakdown of the system into
subsystems and lower-level elements such as illustrated in Figure 2.21. Such elements

13As conveyed in Chapter 1 (Figure 1.1), there is a great deal of “outsourcing” taking place, and there ap-
pears to be considerable growth in the number of “suppliers” involved in a typical large-scale project.
Whenever a new supplier is selected, a “specification” is prepared, which constitutes a critical part of the
data package for the purposes of procurement and subcontracting. Because many of the major elements of
a systemn are now being subcontracted, it is essential that a complete and well-defined set of requirements
be included in each applicable specification. Further, there must be a top-down/bottom-up traceability of
requirements throughout the hierarchy of specifications for a specific system. Specifications are discussed
further in subsequent chapters.

!“The concepts of system architecture and partitioning are discussed further in E. Rechtin and M. Maier,
The Art of Systems Architecting (Boca Raton, FL: CRC Press, 1996).
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Figure 2.21 Hierarchy of system components.

are initially identified through the functional analysis and evaluation of each function
on an individual-by-individual basis (see Figure 2.17). The challenge subsequently is
to identify and group closely related functions into packages, employing a common
resource (e.g., equipment, software, facilities) to accomplish multiple purposes to the
extent possible. Although it may be relatively easy to identify individual functional
requirements and associated resources on an independent basis, the results may be
rather costly when it comes to system packaging, weight, size, and so on. The basis
questions are, What hardware or software can be selected that will perform multiple
functions? How can new functional capabilities be added in the future without adding
any new physical elements to the system structure (i.e., growth potential)? Can any
physical resources (e.g., equipment, software, facilities) be deleted without losing
any of the required functional capabilities previously defined?

The partitioning of a system into its elements is evolutionary in nature. Common
functions may be grouped or combined in such as way as to provide a system pack-
aging scheme, to meet the following objectives:

1. System elements may be grouped by geographical location, by nationality, by
a common environment, or by similar types of equipment and/or software.

2. Individual system “packages” should be as independent as possible with a min-
imum of “interaction effects” in relation to other packages. A design objective is to
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