SYSTEM ENGINEERING
PROGRAM PLANNING

The first five chapters of this text have dealt with the system engineering process, the
major steps in the process, and some of the available technologies and tools that can
be applied. Given the definition of the process as a baseline, the remaining challenge
lies with its implementation. To meet the objectives described herein requires applica-
tion of a combination of technology and management skills. Although it is essential
that one completely understand the “technical” process and available tools, this (by it-
self) will not guarantee success unless the proper organizational “environment” is cre-
ated where the applicable management skills can be effectively applied in fulfilling the
stated goals. As shown in Figure 6.1, there are technology-related activities and there
are planning and organization activities that must jointly be applied throughout the
top-down life-cycle process that has been the thrust of the earlier chapters.

The key to the successful implementation of any program is early planning. Plan-
ning for system engineering activities commences at program inception. As the need
for a system is identified and feasibility studies are conducted in selecting a techni-
cal design approach, requirements are established to define a program structure that
can be implemented to bring the system into being. Planning is initiated with the def-
inition of program requirements and the subsequent development of a Program Man-
agement Plan (PMP), shown in Figure 1.26.' This, in turn, leads to the identification
of system engineering requirements and the preparation of a detailed System Engi-
neering Management Plan (SEMP).

'Usually, there is one overall planning document for every program/project, which covers all program re-
quirements at a high level and leads to a variety of lower-level plans that address specific areas of activity.
Although the specific nomenclature may vary from one program to the next, the title Program Management
Plan (PMP) was selected in this instance to represent this top-level plan (refer to Figure 3.2, Chapter 3).
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Figure 6.1 Management and technology applied to the system engineering process.

The SEMP is developed during the conceptual design and advanced planning
phase, as illustrated in Figure 6.2, and includes a description of the system engineer-
ing functions and tasks to be accomplished, work packages and a work breakdown
structure (WBS), task schedules and cost projections, an organizational structure and
its interfaces, key policies and procedures, documentation and reporting require-
ments, and so on. The SEMP constitutes the overall planning document, which in-
cludes the necessary directives and guidance material for the successful implementa-
tion of the requirements described throughout the first five chapters of this text.

This chapter covers system engineering program planning, the first step in system
management, illustrated in Figure 6.2. The material presented leads into the discus-
sion of the organization for system engineering (Chapter 7) and system engineering
program evaluation (Chapter 8). Implementing the requirements described in the first
five chapters is highly dependent on the thoroughness of planning from the beginning
and in the follow-on organization, management, and control later on.

?In the preparation and implementation of the SEMP, it should be noted that system engineering activities
may be implemented by the customer (consumer), by the prime producer (contractor), and/or by a major
supplier. In some instances (particularly for large programs), an initial SEMP for the overall system may
be prepared by the customer, with a lower-level SEMP prepared by the producer. Obviously, the second
must evolve from and support the first. In any event, the intent herein is to describe what material might
be included in the SEMP overall, and not attempt to differentiate between who does what. It is assumed
that the proper “tailoring” will be accomplished, depending on the individual program requirements.
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6.1 SYSTEM ENGINEERING PROGRAM REQUIREMENTS

As shown in Figure 6.2, the first step in the planning process involves the definition
of program (or project) requirements. Although this may appear to be rather basic,
every program is different and it is essential that system engineering requirements be
tailored accordingly. The concepts and methods described throughout this text, how-
ever, are applicable to all programs. Only the nature and depth of application may
vary from one program to the next.

6.1.1 The Need for Early System Planning

The successful implementation of the concepts and methods of system engineering is
highly dependent on (1) employing a top-down approach in the development of a sys-
tem, (2) integrating early the design and related supporting activities, (3) viewing re-
quirements in terms of the entire system life cycle, and (4) preparing complete re-
quirements documentation from the beginning (i.e., applicable specifications and
plans). As early system concepts are generated and feasibility studies are conducted
to determine possible alternative technical solutions in response to a given design
problem, the appropriate level of planning must be initiated to ensure that the ideas
generated through analysis are properly consumated and integrated into a final prod-
uct configuration in a cost-effective manner.

System engineering planning commences at program inception during the needs
analysis (described in Section 2.2). Liaison activities with the customer (con-
sumer/user) are required to ensure that the defined need is interpreted correctly and
described accurately, and that the translation from the stated need to the definition of
system requirements is responsive. This is a critical step in the early definition of sys-
tem requirements, as there is often a communications gap and the real need is not
thoroughly understood. This, of course, may result in the development of planning in-
formation for a design configuration that will not perform the functions intended.

Given the identification and description of the need, the next step involves the ac-
complishment of feasibility studies (refer to Section 2.3). Future technological op-
portunities are identified and alternative approaches are investigated for possible de-
sign application. The feasibility of each of the alternatives being considered is a
function not only of meeting the necessary performance requirements, but also of
being responsive to the following questions:

1. Have the resource requirements associated with each alternative been defined
(i-e., human, material, equipment, software, and data needs)? Have the sources
of supply been identified? Will the necessary resources be available when re-
quired?

2. Does the alternative being considered for selection reflect a cost-effective ap-
proach based on a life-cycle analysis?

3. Has an impact analysis been accomplished to determine whether there are pos-
sible secondary and/or tertiary effects as a result of selecting a given alterna-
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tive? It is hoped that the selection of a specific alternative will not have a detri-
mental impact relative to the environment; that is, in regard to social, political,
or ecological concerns as presented in Figure 3.36 (Section 3.4.11). In addi-
tion, interactions with other systems should be minimized.

It is at this stage in the life cycle when early system engineering planning is im-
portant. The analysis effort is directed toward the system level, potential suppliers are
identified, the overall system integration process commences, the interaction effects
(both internal and external) are assessed, and potential areas of risk are identified. As
system definition continues through the development of operational requirements,
the maintenance concept, and the prioritization of technical performance measures
(TPMs), the planning process evolves through another series of iterations. The re-
quirements for system integration are greater in terms of both the technical integra-
tion of the various elements of the system and the integration of the many and varied
organizational entities participating in the system development effort.

System planning is continuous, commencing with the definition of a need and ex-
tending through the development of the System Engineering Management Plan
(SEMP). As system-level requirements are defined, the planning process leads to the
identification of those activities that must be accomplished in order to provide a sys-
tem configuration that will fulfill these requirements. Design and management deci-
sions at this stage in the system life cycle have a great impact on program activities
later on. Thus, it is imperative that a complete and well-integrated planning effort be
implemented from the beginning.

6.1.2 Determination of Program Requirements

Although the concepts, methods, and processes describing system engineering are
generally applicable to all categories of systems, they must be tailored for each indi-
vidual application. Further, the applications are numerous and varied and include:

1. Large-scale systems with many different components such as a space system,
an urban transportation system, a hydroelectric power generating system, and
so on.

2. Small systems with relatively few components, such as a local communica-
tions system, a computer system, a hydraulic system, a mechanical braking
system, and so on.

3. Systems in which there is a great deal of new design and development effort re-
quired; that is, the application of new technologies.

4. Systems in which the design is based primarily on the utilization of existing

 standard off-the-shelf components.

5. Systems that are highly equipment-intensive, software-intensive, facilities-
intensive, or human-intensive; for example, a production system versus a ground
command and control system, versus a data distribution system, versus a main-
tenance capability.
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6. Systems in which there are a large number of suppliers involved in the design
and development process, at both the national and international levels.

7. Systems in which there are a number of different organizations involved in the
design and development process.

8. Systems being designed and developed for utilization in the government sec-
tor, the private sector, and so on.

Although this text basically addresses only a few of the major categories of sys-
tems described in Chapter 1 (i.e., the man-made, open-loop, dynamic system), there
are still a wide variety of applications, as illustrated in Figure 6.3.

In each individual situation, the system engineering process described in Chapter
2 is applicable. Although the extent and depth of effort will vary, the steps required
for bringing a system into being are basically the same. A needs analysis and feasi-
bility analysis are accomplished, operational requirements and the system mainte-
nance concept are defined, and functional analysis and requirements allocations are
completed. Even though one may be dealing with a relatively simple case, such as a
small system made up of standard off-the-shelf components, there is still a need to ac-
complish a top-down requirements analysis, a functional analysis and allocation, and
so on. In other words, there is a sysrem design requirement, even though new design
may not be required at the subsystem or component level.

Following the general steps reflected in Figure 1.12 (Chapter 1) is a good overall
approach to the design and development of any new system. As one progresses from
the needs analysis through the accomplishment of feasibility studies and the defini-
tion of system-level requirements, the process evolves from the identification of the
“WHATS” to the “HOWSs”; that is, what is required in terms of a system functional

Aerospace Hydroelectric Data
(aeronautical) (power) processing
systems systems systems
Urban Electronic
(civil) systems
systems System
Engineering
Requirements
Communications Transportation
systems systems
Marine Other Production
systems systems (manufacturing)
systems

Figure 6.3 The application of system engineering requirements.
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capability, and sow is this to be accomplished from the standpoint of a technical de-
sign approach. Evaluation of the early responses to the proposed technical design ap-
proach leads to the identification of specific program (or project) requirements.

Program requirements, in this context, refer to the management approach and the
steps to be followed in the procurement and/or acquisition of the system in response to
a stated need, along with the identification of the resources required to fulfill this ob-
jective. A program structure should be established that will enable the design and de-
velopment, production and/or construction, and delivery of the system to the consumer
in a cost-effective manner. This includes the identification of program functions and
detailed tasks, the development of an organizational structure, the development of a
work breakdown structure (WBS), the preparation of program schedules and cost pro-
Jections, the implementation of a program evaluation and control capability, and so on.
This information, presented in the form of a program plan, provides the necessary day-
to-day management guidance required in the realization of any technical objective.

In fulfilling the system engineering objectives described in the earlier chapters of
this text, a System Engineering Management Plan (SEMP) is developed as part of the
early planning requirements for each program (refer to Figure 6.2). Although the de-
tailed content may vary from one instance to the next, some of the major features of
the SEMP are noted in Section 6.2.

6.2 SYSTEM ENGINEERING MANAGEMENT PLAN (SEMP)3

As shown in Figure 3.2, the SEMP is developed based on the Program Management
Plan (PMP) and covers all management functions associated with the performance of
system engineering activities for a given program. The SEMP constitutes the chief
engineer’s plan for identifying and integrating all major engineering activities; i.e.,
the top technical plan that allows the integration of the many more subordinate plans,
such as the mechanical engineering design plan, the software engineering plan, the
reliability and maintainability plan(s), the human-factors and safety program plan(s),
and so on.

Preparation of the SEMP is the responsibility of the “system manager” and may
be accomplished by the customer (consumer/user) or by a major contractor (pro-
ducer), depending on the program. The relationships between the customer, prime
contractors or major producers, subcontractors, suppliers, and so on, particularly for
large-scale systems, may take the form illustrated in Figure 6.4. In such instances, the
customer/user is the system manager and is responsible for the SEMP, but may dele-
gate the overall system integration and management responsibility to a prime con-
tractor (i.e., Contractor A or Contractor B in the figure).

In the event that the customer prepares the SEMP, then Contractor A and Con-

Three additional sources that include coverage of the SEMP are (1) A. P. Sage, and J. E. Armstrong, In-
troduction to Systems Engineering (New York: John Wiley & Sons, Inc., 2000); (2) EIA/IS-632, Processes
for Engineering a System ( Washington, DC: Electronic Industries Association); and (3) IEEE-1220, Stan-
dard for Application and Management of the Systems Engineering Process (New York: Institute of Elec-
trical and Electronics Engineers, IEEE).
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Figure 6.4 Consumer, producer, and supplier interfaces.

tractor B must each prepare a SEMP covering their respective system engineering ac-
tivities, each being responsive to the higher-level SEMP. On the other hand, if the sys-
tem integration and management responsibility is delegated to Contractor A (for ex-
ample), then the responsibility for preparation of the SEMP, and for implementing the
tasks defined therein, will be at this level.*

The process discussed here may appear to be self-evident. However, it is impor-
tant to be clear that if the SEMP is to be meaningful and accomplish its objectives, it
must be developed directly from the top-level Program Management Plan (PMP),
Further, the responsibility for the SEMP, and for the accomplishment of the functions
described within, must be clearly defined and supported by the program manager (or
program director). When system management responsibility is delegated to Contrac-
tor A (in Figure 6.4), then Contractor A must be given both the responsibility and the
authority to perform all system-level functions (described in the SEMP) on behalf of
Contractor B, as well as for all subcontractors and applicable suppliers.’ Finally, the
SEMP must be appropriately identified as the key top-level design engineering plan
in the overall program documentation tree structure.

“In such instances, the SEMP is usually prepared and included as part of the contractor’s proposal to the
customer.

5Quite often, contractors are held responsible for the development and implementation of a system engi-
neering program (and the SEMP), but are not delegated the authority to successfully complete the task. Be-
cause the requirements for system engineering must start at the top, it is essential that the proper level of
authority be delegated along with the responsibility.
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In terms of material content, the SEMP must be tailored to the system require-
ments, the program size and complexity, and the nature of the procurement and ac-
quisition process. To indicate the nature of the information that may be included in a
SEMP, a proposed outline is presented in Figure 6.5. Although this outline is certainly
not “fixed” (as there are likely to be all kinds of variations in use today), it will serve
as a guide for further discussion of some of the content. Not every topic in the detailed
SEMP outline is discussed here, but a few selected areas deserve additional coverage.®

6.2.1 Statement of Work

The Statement of Work (SOW) is a narrative description of the work required for a
given project. In regard to the SEMP, it must be developed from the overall project
SOW described in the PMP and should include the following:

1. A summary statement of the tasks to be accomplished. An identification of the
major system engineering tasks is presented in Section 6.2.2. These, in turn,
must be supported by elements of work included in the work breakdown struc-
ture (WBS) discussed in Section 6.2.4.

2. An identification of the input requirements from other tasks. These may in-
clude the results from other tasks accomplished within the project, tasks com-
pleted by the customer, and/or tasks accomplished by a supplier.

3. References to applicable specifications (including the System “A” Specifica-
tion), standards, procedures, and related documentation as necessary for the
completion of the defined scope of work. These references should be identified
as key requirements in the documentation tree described in Section 6.2.5.

4. A description of the specific results to be achieved. This may include deliver-
able equipment, software, design data, reports, and/or related documentation,
along with the proposed schedule of delivery as presented in Section 6.2.7.

In preparing the SOW, the following general guidelines are considered appropriate.

1. The SOW should be relatively short and to the point (not to exceed two to three
pages), and must be written in a clear and precise manner.

2. Every effort must be made to avoid ambiguity and the possibility of misinter-
pretation by the reader.

3. Describe the requirements in sufficient detail to ensure clarity, considering
both practical applications and possible legal interpretations. Do not under-
specify or overspecify!

4. Avoid unnecessary repetition and the incorporation of extraneous material and
requirements. This can result in unnecessary cost.

5. Do not repeat detailed specifications and requirements that are already covered
in the applicable referenced documentation.

Table 6.1 (p. 483) in A. P. Sage and J. E. Armstrong, Introduction to Systems Engineering (New York: John
Wiley & Sons, Inc., 2000) offers a different SEMP outline.



System Engineering Management Plan (SEMP)

1.0 Overview
2.0 Applicable Documents
3.0 General Description of System Architecture
4.0 System Engineering Process
4.1 System Operational Requirements
4.2 Maintenance Concept
4.3 Technical Performance Measures (TPMs)
4.4 Functional Analysis (System Level)
4.5 Allocation of Requirements
4.6 System Synthesis, Analysis, and Design Optimization
4.7 Systemn Test and Evaluation
4.8 Construction/Production Requirements
4.9 System Utilization and Sustaining Support
4,10 System Retirement and Material Recycling/Disposal
5.0 Technical Program Planning, Implementation, and Control
5.1 Program Reguirements/Statement of Work
5.2 Organization (Customer/Producer/Supplier Structure and Interrelationships)
5.2.1 Producer/Contractor Organization (Project/Functional/Matrix)
5.2.2 System Engineering Organization
5.2.3 Program Tasks
5.2.4 Supplier Requirements
5.3 Key Organizational Interfaces
5.4 Work Breakdown Structure (WBS)
5.5 Project Schedule and Milestone Charts
5.6 Technical Performance Measurement (TPM) "Tracking"
5.7 Program Cost (Projections/Reporting)
5.8 Technical Communications (Program Reports/Documentation)
5.9 Program Monitoring and Control
6.0 Engineering Specialty Integration (Identification of Key Engineering Specialties,
How They Relate to System Engineering, and Their Interrelationships with Each
Other)
6.1 "Functional' Engineering (e.g., Electrical, Mechanical, Structural,
Industrial, etc.)
Software Engineering
Reliability Engineering
Maintainability Engineering
Human Factors Engineering
Safety Engineering
Security Engineering
Manufacturing and Production Engineering
Logistics and Supportability Engineering
Disposability Engineering
Quality Engineering
Environmental Engineering
Value/Cost Engineering
6 14 Other Engineering Disciplines (as appropriate)
7.0 Configuration Management (CM)
8.0 Data Management (DM)
9.0 Program Technology Requirements (Computer-Aided methods, EC/EDI/IT
Applications eic.)
10.0 Risk Management
11.0 References (Specifications, Standards, Plans, Procedures, Pertinent
Documentation)
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Figure 6.5 System Engineering Management Plan (SEMP) outline.
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The SOW will be read by many different individuals with a variety of backgrounds
(e.g., engineers, accountants, contract managers, schedulers, lawyers), and there must
be no unanswered questions as to the scope of work desired. This statement forms a
basis for the definition and costing of detailed tasks, for the establishment of sub-
contractor and supplier requirements, and so on.

6.2.2 Definition of System Engineering Functions and Tasks

System engineering, as defined throughout this text, covers a broad spectrum of ac-
tivity. It may even appear that the “systems engineer,” or the system engineering or-
ganization, does everything! Although this is not practical, the fulfillment of system
engineering objectives does require some involvement, either directly or indirectly, in
almost every facet of program activity. The challenge is to identify those functions (or
tasks) that deal with the overall system as an entity and, when successfully completed,
will have a positive impact on the many related and subordinate tasks that must be ac-
complished.

For the purpose of identifying a select number of key tasks for system engineer-
ing, the process described in Chapter 2 can be considered a framework for further dis-
cussion. As a start, a review of some of the overall basic goals is appropriate. The ob-
jectives of system engineering are the following:

1. Ensure that the requirements for system design and development, test and eval-
uation, production, operation, and support are developed in a timely manner
through a top-down, iterative requirements analysis.

2. Ensure that system design alternatives are properly evaluated against mean-
ingful, quantifiable criteria that relate to all of the desired characteristics; for
example, performance factors, effectiveness factors, reliability and maintain-
ability characteristics, human factors and safety factors, supportability charac-
teristics, and life-cycle cost.

3. Ensure that all applicable design disciplines and related specialty areas are ap-
propriately integrated into the total engineering effort in a timely and effective
manner.

4. Ensure that the overall system development effort progresses in a logical man-
ner with established configuration baselines, formal design reviews, the proper
documentation supporting design decisions, and the necessary provisions for
corrective action as required.

5. Ensure that the various elements (or components) of the system are compatible
with each other and are combined to provide an entity that will perform its re-
quired functions in an effective and efficient manner.

A review of these general goals leads to the question, What detailed program/
project tasks should be performed in order to successfully meet the objectives of sys-
tem engineering? Although each individual program is different and activities must
be tailored accordingly, the tasks presented in Figure 6.6 and discussed in the fol-
lowing paragraphs are considered applicable in most instances.
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System Engineering Tasks

Task Input Requirements

Task Output Requirements

Perform needs analysis and
conduct feasibility studies.

Define operational requirements

and the system maintenance
concept.

Prepare the system Type "A"
spacification.

Prepare the Test and Evaluation
Master Plan (TEMP).

Prepare the System Engineering
Management Plan (SEFGP)‘

Accomplish functional analysis

and the allocation of requirements.

Accomplish system analysis,
synthesis, and system integration.

Plan, coordinate, and conduct
formal design review meetings.

Monitor and review system test
and evaluation activities.

Plan, coordinate, implement, and
control design changes.

Initiate and maintain production/
construction liaison; supplier
liaison; and customer service
activities.

Consumer/customer requirements documentation; technical information reports covering technology applications;
selected research reports; trade-off study reports supporting design approach.

Consumer/customer requirements documentation; customer specifications and standards; feasibility study reports;
trade-off study reports supponting design approach.

Technical information reports covering technology applications; feasibility study reports; system requirements
documentation (operational requirements and maintenance concep?: trade-off study reports justifying system
-level design decisions; list of prioritized TPMs; functional analysis (system-level).

System Type "A" specification; customer test specification and standard; test requirements sheets (individual dis-
cipline test requirements).

Consumer/customer requirements documentation; customer program specifications and standards; system re-

uirements documentation (operational requirements and maintenance concept); system T{Ape "A* specification;
?est and Evaluation Master Plan (TEMP); advance system planning information ; Program Management Plan
(PMP).

System requirements documentation (operational requirements and maintenance concept); system
specification; trade-off study reports justifying system-level design decisions.

Consumer/customer requirements documentation; customer specifications and standards; functional analysis re-
rts; system Tg&e "A* specification; System Engineering Management Plan (SEMP); Test and Evaluation
&oaslerﬁlan (TEMPY); individual design discipline program planning requirements.

Program Management Plan (PMP); System Engineering Management Plan (SEMP); applicable design data
(drawings, parts and material lists, reponts, databases); trade-off study reports justifying design decisions;indivi-
dual design discipline reports (predictions, analyses, etc.).

Test and Evaluation Master Plan (TEMP); System Engineering Management Plan (SEMP); individual test data and
reports.

Configuration management data and reports (description of design baseline); proposed engineering change
proposals; change control requirements and actions.

System design data; production/construction requirements; approved design changes; system operating and
maintenance procedures; consumer/customer operations and system utilization requirements; field data and failure

reports.

Feasibility study reports; trade-off study reports
justitying system-level design decisions.

System requirements documentation (operat-
ional requirements and maintenance concept);
trade-off study reports 2ust‘rfyings stem-level
design decisions; list of prioritized TPMs;
functional analysis (system-level).

System Type "A* specification.
Test and Evaluation Master Plan (TEMP).

System Engineering Management Plan
(gEMP). "o 9

Functional analysis reports=functional flow
diagrams (operational and maintenance
functions), timeline anaiysis sheets, require-
ments allocation sheets (RASs), trade-off
study reports, test requirements sheets,
design criteria sheets.

Selected design data; system integration
reports; supplier data and reports; trade-off
study reports justifying design decisions;
selected design discipline reports (predictions
and analyses).

Design review meeting minutes; action-item

lists with designated responsibilities; roved/

{g{pased design data and supporting documen-
ion.

System test and evaluation report(s).

Change implementation plans, change
verification data/reports.

Field data and failure reports; customer
service reports on field operations.

Figure 6.6 System engineering tasks.
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1. Perform a needs analysis and conduct feasibility studies (refer to Sections 2.1,
2.2, and 2.3). These activities should be the responsibility of the system engineering
organization, because they deal with the system as an entity and are fundamental in
the initial interpretation and subsequent definition of system requirements.

2. Define system operational requirements, the system maintenance concept, and
the technical performance measures (TPMs) (refer to Sections 2.4, 2.5, and 2.6). The
results of these activities are included in the overall definition of system-level re-
quirements and are the basis for top-down system design.

3. Prepare the System Type “A” Specification (refer to Section 3.2). This is the
top technical document for system design, and fulfilling the objectives of system en-
gineering is dependent on the completeness and comprehensiveness of this specifi-
cation. The “B,” “C,” “D,” and “E” Specifications are based on the requirements of
the “A” Specification.

4. Prepare the Test and Evaluation Master Plan (refer to Section 2.11). This doc-
ument reflects the approach, methods, and procedures that are to be followed in the
overall evaluation of the system in terms of compliance with the initially specified re-
quirements. Although there are many different and relatively small facets of testing,
it is the compilation of these that provides an overall evaluation of the system as an
entity.

5. Prepare the System Engineering Management Plan (refer to Sections 1.4 and
6.2). This, of course, is the top management document for all system engineering pro-
gram activities.

6. Accomplish functional analysis and the allocation of requirements (refer to
Sections 2.7 and 2.8). Functional analysis, which is the process of translating system-
level requirements into detailed design criteria, provides the foundation for the de-
velopment of many different individual design disciplinary tasks (refer to Section
2.7.4). The allocation process defines the specific design requirements for different
components of the system, whether developed through supplier activities or procured
off the shelf. In any event, the responsibility for this effort is appropriate because it
facilitates the necessary design integration effort by providing a common baseline
definition of the system in functional terms.

7. Accomplish system synthesis, analysis, and design integration functions on a
continuing basis throughout the overall design and development process (refer to
Sections 2.9 and 2.10 and Chapter 3). System integration is iterative by nature and in-
cludes both the technical considerations dealing with the physical and functional in-
terfaces of equipment, software, personnel, facilities, and so on, and the management
considerations pertaining to organizational interfaces. From the management per-
spective, the system engineering organization is responsible for ensuring that (a) all
program design-related functions/tasks are initially defined, (b) appropriate respon-
sibilities and working relationships are established, (c) organization and communi-
cation channels are identified, and (d) program requirements are completed in a sat-
isfactory manner. As noted in Chapter 3, the system engineering organization is
responsible for ensuring that the proper level of communications, coordination, and
integration exists between the various design disciplines as applicable. Of particular
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interest are the task requirements for reliability engineering (Figure 3.15), maintain-
ability engineering (Figure 3.21), human-factors engineering (Figure 3.27), safety
engineering (Figure 3.30), logistics (Figure 3.34), software engineering (Section
3.4.1), manufacturing and production engineering (Section 3.4.7), quality engineer-
ing (Section 3.4.10), value/cost engineering (Section 3.4.12), and environmental en-
gineering (Section 3.4.11).

8. Plan, coordinate, and conduct formal design review meetings; for example,
conceptual design review, system design reviews, equipment/software design re-
views, and critical design review (refer to Chapter 5). The system engineering organ-
ization is responsible for ensuring that an ongoing design evaluation is performed.
This is partially accomplished through the scheduling of periodic design review meet-
ings. The conductance of these meetings must be accomplished by a unbiased indi-
vidual, and the overall results must be supportive of system-level design objectives.

9. Monitor and review system test and evaluation activities (refer to Section 2.11).
It is essential that the system engineering organization be involved from the stand-
point of interpreting and integrating individual test results into the evaluation of the
system as a whole.

10. Plan, coordinate, implement, and control design changes as they evolve from
engineering change proposals (ECPs) initiated from either the informal day-to-day
review activity or as a result of formal design reviews (refer to Section 5.4). The sys-
tem engineering organization is responsible for establishing and maintaining system
“baselines” through the design and development process; for example, “functional”
baseline, “allocated” baseline, and the “product” baseline in Figure 1.12. System en-
gineering is essentially responsible for configuration management as the system
evolves through its planned life cycle.

11. Initiate and maintain production/construction liaison, supplier liaison, and
customer service activities. As the system configuration progresses from the design
and development phase into production and/or construction, and subsequently into
operational use, there is a requirement for a specified level of engineering support.
The purpose is to provide some engineering assistance relative to training and the
understanding of system design, the incorporation of approved engineering changes
into the system, and the acquisition of data from production activities and consumer
operations in the field. The system engineering organization must be able to track the
system throughout its planned life cycle.

The 11 basic program tasks just described constitute an example of what might be
appropriate for a typical program, although the specific requirements may vary from
one program to the next. The goal is to identify tasks that are oriented to the system,
and that are critical relative to meeting the five major system engineering objectives
stated earlier. More specifically, it is essential that an overall system’s approach be
followed from the initial establishment of requirements. As design progresses, it is
essential that the system configuration being developed includes the desired charac-
teristics. Finally, it is essential that the product output be validated in terms of meet-
ing the initially established requirements.



262 SYSTEM ENGINEERING PROGRAM PLANNING

In accomplishing this, there are requirements definition tasks, there are design re-
view and approval tasks, there are configuration control tasks, and there are final test
and evaluation tasks. These activities are undertaken through the combination of pro-
viding key documentation (specifications, plans, and reports), conducting carefully
scheduled design reviews with the appropriate feedback provisions, and providing
the necessary ongoing coordination and integration efforts. These activities must ad-
dress all system functions accomplished throughout the various levels depicted in
Figure 6.4.

To provide a more in-depth understanding of the 11 tasks, Figure 6.6 presents a
summary, listing these tasks and showing typical input and output requirements. Al-
though the majority of the input-output requirements are self-explanatory, through a
review of the appropriate sections of this text, some additional discussion is neces-
sary in support of the output requirements of Task 6, dealing with functional analysis
and allocation.

Functional analysis encompasses the process of translating system-level require-
ments into detailed design criteria and results in the complete definition of the system
configuration in functional terms (refer to Section 2.7). The accomplishment of func-
tional analysis is facilitated through the development of functional flow block dia-
grams, described in Section 2.7.1. Based on these diagrams, the system engineer may
wish to evaluate the various functions further from the standpoint of series-parallel
relationships, time durations, and, ultimately, the identification of major resource re-
quirements. In addition, specific functional requirements need to be communicated
to program/project personnel through time line analysis sheets, requirements alloca-
tion sheets (RASs), trade-off study reports, test requirements sheets, design criteria
sheets, and the like. Time line analysis sheets and requirements allocation sheets are
briefly discussed in the following paragraphs.

1. Time line analysis sheets: Although the functional block diagrams convey
general series-parallel relationships, these requirements may be developed further
through the use of time line analysis sheets. Time line analysis adds considerable de-
tail in defining the durations of various functions. Concurrency, overlap, and the se-
quential relationships of functions/tasks can be projected. Moreover, time-critical
functions can be readily identified; that is, those functions that directly affect system
availability, operating time, and maintenance downtime. An example of a time line
analysis sheet format is presented in Figure 6.7.

2. Requirements allocation sheets: A requirements allocation sheet (RAS) is
often used as the primary document for the identification of specific design require-
ments based on the functional analysis. The RAS is developed for each block in the
functional flow block diagram. Performance requirements are described, which in-
clude (a) the purpose of the function, (b) the detailed performance characteristics that
the function must accomplish, (c) the criticality of the function, and (d) applicable de-
sign constraints. Performance requirements must address design characteristics such
as size, weight, volume, output, throughput, reliability maintainability, human fac-
tors, safety, supportability, economic factors, and so on. Both qualitative and quanti-
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tative performance requirements resulting from an analysis of the function are iden-
tified by the RAS. These requirements are expanded in sufficient detail to allow for
the synthesizing and evaluation of alternative concepts for satisfying each functional
need, employing a combination of resources in terms of equipment, personnel, soft-
ware, and facilities. An initial definition of these resource requirements is included in
the RAS. Figure 6.8, which is an extension of Figure 2.20, presents an example of a
requirements allocation sheet (RAS) format.

The specific output from Task 6 (Figure 6.6) will vary in structure and format, de-
pending on the type of system and the stage of design and development. For large-
scale systems involving many different interfaces, the relationships illustrated in Fig-
ure 6.9 may exist. On the other hand, for smaller systems in which the design is
relatively simple, the utilization of all of these data outputs may not be feasible.

6.2.3 System Engineering Organization

One of the most important sections of the SEMP describes the organizational structure
that is being proposed for implementation of the objectives and the tasks defined in
Section 6.2.2. A specific and individual system engineering department or group, by
itself, will not be able to complete all of the work required for the 11 tasks presented
in Figure 6.6. However, it is not the intent here to justify a large organization for
working out the details. Yet the system engineering organization, through its system-
level technical expertise and its leadership abilities, must take the lead and ensure that
these task requirements are completed in an effective, efficient, and timely manner.
In other words, the system engineering organization must be able to work with, in-
fluence, and inspire many other groups within (and external to) the project if the spec-
ified tasks are to be successfully completed. The system engineering organization
must have the respect and cooperation of the other required functions in order for the
proper integration to occur.

Figure 6.10 presents an abbreviated illustration to show how a system engineering
department/group might fit within and relate to other major functions within the over-
all organization for a large contractor. In delving further into the subject of “organi-
zation,” it is clear that there are many different structures and approaches that may
apply. For example, the primary system engineering organization may be contained
within the customer’s organization, with various responding subgroups within the
contractor’s organization. In a contractor’s organization, the basic structure may con-
stitute a functional approach, a project/product line approach, a matrix approach, or
various combinations thereof. There are advantages and disadvantages associated
with each of these approaches, which are essential to recognize if the system engi-
neering organization is to work effectively within the structure provided. Further,
there are the external interactions involving subcontractors and suppliers, which, in
turn, may be critical for the accomplishment of the work required.

The subject of organization—the development of organizational structures, the
staffing of an organization, and the “organization for system engineering”—is covered
in detail in Chapter 7. However, at this point, it should be emphasized that a complete
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Figure 6.9 System engineering documentation.

and thorough discussion of the organizational approach to be implemented for the
project in question must be included in the SEMP for the system being developed or
modified. Of particular interest are the numerous interfaces that must exist, across the
board, if the objectives described throughout this text are to be met. Effective com-
munication links, represented by the dotted lines in Figure 6.10, must be in place and
functioning from the beginning. Although the organizational “makeup” within the
system engineering block (in the figure) may look great on paper, it will not work un-
less the many noted interfaces are operational on a day-to-day basis.
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Figure 6.10 System engineering organization and interfaces.

6.2.4 Development of a Work Breakdown Structure (WBS)

One of the initial steps in program planning, after the generation of the Statement of
Work (SOW) and identification of the organizational structure, is the development of
the work breakdown structure (WBS).” The WBS is a product-oriented tree that leads
to the identification of the activities, functions, tasks, subtasks, work packages, and
so on, that must be performed for the completion of a given program. It displays and
defines the system (or product) to be developed and portrays all of the elements of
work to be accomplished. The WBS is not an organizational chart in terms of project
personnel assigned and responsibilities, but does represent an organization of work
packages prepared for the purposes of program planning, budgeting, contracting, and
reporting.®

Figure 6.11 illustrates an approach to the development of the WBS. During the
early stages of system planning, a Summary Work Breakdown Structure (SWBS) is

"WBS and work packaging are covered in most texts dealing with project management. A good reference
is H. Kerzner, Project Management: A Systems Approach to Planning, Scheduling, and Controlling, Tth
ed., (New York: John Wiley & Sons, Inc., 2000).

f8Although the 11 tasks described in Section 6.2.2 reflect a generic approach for a system engineering or-
ganization in general, the development of the WBS will lead to the identification of the specific task re-
quirements for the system being covered by the SEMP. A railored approach is required.
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usually prepared by the customer and included in a Request for Proposal (RFP) or an
Invitation for Bid (IFB). This structure, developed from the top down, primarily for
budgetary and reporting purposes, covers all programs functions and generally in-
cludes three levels of activity:

1. Level 1: Identifies the total program scope of work, or the system to be devel-
oped, produced, and delivered to the customer. Level 1 is the basis for the authoriza-
tion and “go-ahead” (or release) for all program work.

2. Level 2: Identifies the various projects, or categories of activity, that must be
completed in response to program requirements. It may also include major elements
of the system and/or significant project activities; for example, subsystems, equip-
ment, software, elements of support, program management, and system test and eval-
uation. Program budgets are usually prepared at this level.

3. Level 3: Identifies the activities, functions, major tasks, and/or components of
the system that are directly subordinate to the Level 2 items. Program schedules are
generally prepared at this level.

As program planning progresses and individual contract negotiations are consu-
mated, the SWBS is developed further and adapted to a particular contract or pro-
curement action, resulting in a Contract Work Breakdown Structure (CWBS). Refer-
ring to Figure 6.4, for example, the customer may develop the SWBS with the
objective of initiating program work activity. This structure will usually reflect the in-
tegrated efforts of all organizational entities assigned to the project and should not be
related to any single department, group, or section. The SWBS, included in the cus-
tomer’s RFP, is the basis for the definition of all internal and contracted work to be
performed on a given program. Through the subsequent preparation of proposals,
contract negotiations, and related processes, Contractor A is selected to accomplish
all work associated with the preliminary system design phase, and Contractor B is se-
lected to complete all work associated with the detail design and development phase.
From the definition of individual statements of work, a CWBS is developed to iden-
tify the elements of work for each program phase. The CWBS is tailored to a speci-
fic contract (or procurement action) and may be applicable to prime contractors, sub-
contractors, and/or suppliers, as shown in Figure 6.4.

The WBS constitutes a top-down hierarchical breakout of project activities that
can be further divided into functions, functions into tasks, tasks into subtasks, sub-
tasks into levels of effort, and so on. Conversely, detailed tasks (with defined starting
and ending dates) can be combined into work packages, and work packages can be
integrated into functions and activities, with the accumulation of all work being re-
flected at the top program or system level.

In developing a WBS, care must be exercised to ensure that (1) a continuous flow
of work-related information is provided from the top down, (2) all applicable work is
represented, (3) enough levels are provided to allow the identification of well-defined
work packages for cost/schedule control purposes, and (4) the duplication of work ef-
fort is eliminated. If the WBS does not contain enough levels, then management vis-
ibility and the integration of work packages may prove to be difficult. On the other
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hand, if too many levels exist, too much time may be wasted in performing program
review and control actions.

Figure 6.12 presents an example of a Summary Work Breakdown Structure (SWBS)
covering the development of a large system. As program requirements are defined
through a contractual (or procurement) arrangement, the SWBS can be readily con-
verted into a CWBS to reflect the actual work required under the contract. The CWBS,
as it appears in a contractual document, is also presented at three levels in order to
provide a good baseline for planning purposes while allowing for some flexibility
within the contractor’s organization. An expansion of the CWBS can be accom-
plished as necessary to provide for internal cost/schedule controls.

Figure 6.13 shows an expansion of the system engineering activities to the fifth
level; that is, those work packages under 3B1100 in Figure 6.12. The purposes are
to recognize the major system engineering tasks presented in Figure 6.6 and to pro-
vide a breakout of these tasks in a CWBS format to the extent necessary for proper
cost/schedule visibility. Note that Figure 6.13 includes two different CWBSs, one
covering the work to be performed during the conceptual design and advance plan-
ning phase and the other directed toward the work required during the preliminary
system design phase. Each individual CWBS is derived from the SWBS and the
overall program CWBS. Further, there must be a close tie between the two, as the
CWABS for preliminary design must reflect the activities that evolve directly from
the earlier phase.

The elements of the WBS may include an identifiable item of equipment or soft-
ware, a deliverable data package, an element of logistic support, a human service, or
a combination thereof. WBS elements should be selected to permit the initial struc-
turing of budgets and the subsequent tracking of technical performance measures
(TPMs) against cost. Thus, in expanding the WBS to successively lower levels, the
requirements for day-to-day task management must be balanced against the overall
reporting requirements for the program. In essence, program activities are broken
down to the lowest level that can be associated with both an organization and a cost
account, as illustrated in Figure 6.14. From this, schedules are developed, cost esti-
mates are generated, accounts are established, and program activities are monitored
for purposes of schedule/cost control.

In developing the WBS, it is essential that a good comprehensive “WBS diction-
ary” be prepared. This is a document containing the terminology and definition of
each element of the WBS. Traceability must be maintained from the top down, and
all applicable work must be included. This is facilitated by assigning a number to
each work package in the WBS. In Figure 6.11, the total program is represented by
01-00-00, and the numbers are broken down for activities, functions, tasks, subtasks,
and so on. In Figure 6.12, a slightly different numbering system is used. Although the
numbering systems will vary for different programs (and with different contractors),
it is important to ensure that both activities and budgets/costs can be traced, both up-
ward and downward. In the initial generation of a CWBS by a contractor during the
preparation of a proposal, budgets may be allocated downward to specific tasks. After
contract award, as tasks are being accomplished, costs are being incurred and charged
to the appropriate cost account. These costs are then collected upward for reporting
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purposes. The WBS provides the vehicle for measuring work package progress in
terms of schedule and cost.
In summary, the work breakdown structure (WBS) provides many benefits:

1. The total program, or system, can be easily described through the logical
breakout of its elements into nicely definable work packages.

2. The discipline associated with the development of the WBS provides a greater
probability that every program activity will be accounted for.

3. The WBS is an excellent vehicle for linking program objectives and activities
with available resources.

4. The WBS facilitates the initial allocation of budgets and the subsequent col-
lection and reporting of costs.

5. The WBS provides an excellent matrix for the assignment of tasks and work
packages to various organizational departments, groups, and/or sections. Re-
sponsibility assignments can be readily identified.

6. The WBS is an excellent vehicle for the reporting of system technical per-
formance measures (TPMs) against schedule and cost.

Finally, the WBS is an excellent tool for the promotion of program communica-
tions at various levels. As such, it must be updated to reflect program/system changes,
consistent with configuration management actions. Maintaining currency is essential
in meeting system engineering objectives.

6.2.5 Specification/Documentation Tree

In Section 3.1 (Figures 3.2 and 3.3), specifications are utilized primarily for acquir-
ing items and/or for some element of work; that is, contracting for the design and de-
velopment of a new item, the procurement of a commercial off-the-shelf (COTS)
item, the testing and verification of a product, the construction of a new facility, the
production of x quantity of items, and so on. Specifications may be applied on con-
tracts and imposed on major contractors, subcontractors, and the suppliers of goods
and services. They are requirements-oriented and performance-oriented, and they
should state the “WHATS” (i.e., what to do versus sow to do it) and must be written
in a clear and concise manner. Vague, redundant, nebulous, and ambiguous language
should be eliminated. Requirements should be quantifiable and verifiable, and the
need to use judgment for interpretation should be avoided; that is, the use of phrases
such as “best design practices” and “‘good workmanship” should be avoided. Speci-
fications establish requirements relative to both design and performance characteris-
tics. Management information, statements of work, procedural data, schedules and
cost projections, and so on, should not be included.

Relative to applications, there are (1) general specifications, (2) program-related
specifications, (3) military specifications and standards, (4) industrial standards,
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(5) specific company standards, and (6) international specifications and standards.”
The different categories of specifications described in Section 3.1 refer primarily to
program-unique specifications, or those that are directed toward a particular program
requirement and/or a specific system component. In addition, there are specifications
and standards that cover components, materials, and processes across the board, in-
dependent of application. In any event, there may be a wide variety of specifications
and standards applied on a given program.

In applying specifications, extreme care must be exercised to ensure that they are
prepared to the proper depth of detail and applied at the appropriate level in the sys-
tem hierarchy. Specification documents must be detailed to the extent required to im-
pact design in terms of component selection, the utilization of materials, and the iden-
tification of processes. On the other hand, applying specifications with too much detail
and at a level too low in the system hierarchy can be extremely detrimental. This may
not only tend to inhibit innovation and creativity by not allowing for possible trade-
offs, but “overspecification” can be quite costly. Applying a detailed specification to a
small commercially available off-the-shelf component may result in an overdesign sit-
uation, which, in turn, can significantly increase the cost of that component, !’

Another concern pertaining to the application of specifications involves possible
areas of conflict. Experience shows that conflicts (i.e., contradictions in direction) are
sometimes introduced with the application of general specifications and standards
across the board. These documents are prepared by different individuals, at different
times with different applications in mind, and are not necessarily consistent in terms
of detailed requirements. Often in the development of program requirements, there is
a tendency to follow the most expeditious and easiest approach by attaching a long
list of these specifications and standards to a SOW, with an accompanying statement:
“The contractor must comply with the attached list of specifications and standards in
fulfilling program requirements.” This blind application can result in conflicts per-
taining to component part selection, manufacturing process variations, test and eval-
uation parameters, and so on. In such instances, there is a question as to which spec-
ification takes precedence. What are the priorities in order of importance?

With the objective of promoting clarification and eliminating the areas of possible
conflict, the preparation of a “specification tree” (or documentation tree) is recom-
mended. This is a family tree of specifications and documents that supports the sys-
tem hierarchy, establishes order of precedence in the event of conflicts, and relates to
the elements of work in the work breakdown structure (WBS). Figure 6.15 illustrates
a simplified specification tree.

“Industrial standards can vary significantly and are developed by organizations such as the American Na-
tional Standards Institute (ANSI), International Standards Organization (ISO), American Society for Test-
ing and Materials (ASTM), Electronic Industries Association (EIA), Institute of Electrical and Electron-
ics Engineers (IEEE), and the National Standards Association (NSA).

1For example, in a number of instances in the defense sector, military specifications and standards have
been imposed on the procurement of small components, hand tools, and so on. The “blind” imposition of
specifications on commercially available off-the-shelf items can turn out to be quite costly. Not only will
an overdesign situation result, but the number of available suppliers will be reduced.
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The “tree” in Figure 6.15 is developed from the top down, commencing with the
preparation of the system specification (refer to Section 3.2). Subsequently, addi-
tional specifications are applied, following the system hierarchy illustrated in Figure
2.21. As one progresses, the application of specifications must be consistent with the
work requirements described by the WBS in Figure 6.11. Further, this application
must be adapted to the contracting structure between major contractors, subcontrac-
tors, and suppliers (refer to Figure 6.4).

The critical task here is the tailoring of specifications to the particular system ap-
plication. Even though the design requirements may dictate the use of an available
off-the-shelf item, the application of that item in this system may be quite different
from comparable applications in other systems. Thus, the major components of the
system should be described through a series of program-related specifications, as
shown in Figure 6.15; for example, development specifications, product specifica-
tions, and process specifications. Below this level, it may be appropriate to apply gen-
eral specifications, as long as they support the overall requirements in system design.
When there are a number of different specifications and/or standards applied to the
same system component, they must be complementary and mutually supportive. In
the event of conflicts in direction or concerns relative to priorities of importance, the
specification tree must provide an indication as to which document takes precedence.

The development of design requirements from the top down is critical in meeting
the system engineering objectives stated herein. Thus, extreme care must be exer-
cised in the initial identification and application of specifications and standards. Al-
though this function is sometimes viewed as being relatively minor, the results can be
rather costly if the proper level of attention is not directed to this area from the be-
ginning. Conflicts, changes in specification requirements resulting in contractual
modifications, and so on, can be extremely detrimental to a program. The inclusion
of a complete specification tree in the SEMP may assist in avoiding potential prob-
lems later.

6.2.6 Technical Performance Measurement (TPM)

In Section 2.6 (Chapter 2), technical performance measures (TPMs) for the system
are identified through the development of operational requirements and the mainte-
nance concept, and are prioritized using quality function deployment (QFD) (or
equivalent) methods. Figure 2.10 provides an example of the results. As indicated in
the figure, velocity, availability, and size are the top three in priority. Employing the
QFD approach will help in developing the criteria and characteristics in design that
must be built-in in order to ensure that the velocity, availability, and size requirements
are ultimately met.

As the system development effort progresses, periodic design reviews will be con-
ducted, as described in Chapter 5. The known design configuration at that time will
be evaluated with the high-priority TPMs in mind. Checklists may be utilized to aid
in the evaluation process, identifying those characteristics that have been incorpo-
rated and that relate to and directly support the TPM objectives (refer to Figure 5.4).
Design parameters and the applicable TPMs will be measured and “tracked,” as
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Figure 6.15 Example specification/documentation tree.




278 SYSTEM ENGINEERING PROGRAM PLANNING

shown in Figure 5.6. This must be accomplished on a continuing basis, and the re-
sults should be included as an inherent part of the regular program management re-
view process. Those high-priority TPMs, assumed to be critical, should receive the
most attention in the review and evaluation process.

See Figure 5.6; if there is a deviation from the specified TPM value (either upward
or downward), the “causes” for such must be identified and the appropriate correc-
tive action must be initiated accordingly. Inherent within the program management
information system structure is the requirement to plot future trends, predict poten-
tial deviations, and identify the possible consequences and associated risks in the
event that no corrective action is initiated. In essence, technical performance mea-
surement must be built into the regular program management and control process,
and the prioritization of TPMs is a necessary input for the risk management plan
(refer to 10.0 in the SEMP outline shown in Figure 6.5).

6.2.7 Development of Program Schedules

In line with the Statement of Work (SOW ) and the Work Breakdown Structure (WBS),
individual program tasks are presented in terms of a time line; that is, a beginning
time and an ending time. Schedules are developed to reflect the work requirements
throughout all phases of a program.

Schedule planning commences with the identification of major program milestones
at the top level and proceeds downward through successively lower levels of detail.
A System Engineering Master Schedule (SEMS) is initially prepared, laying out the
major program activities on the basis of elapsed time. This serves as the frame of ref-
erence for a family of subordinate schedules, developed to cover subdivisions of work
as represented by the WBS. Progress against a given schedule is measured at the bot-
tom level, and task status information is related to the appropriate cost account iden-
tified by the WBS element and the responsible organization (refer to Figure 6.14).

Program task scheduling may be accomplished using one or a combination of
techniques. Some of the more common methods are briefly described in the follow-
ing paragraphs.

1. Bar chart: A simple bar chart presents program activities in terms of sequences
and the time span of efforts. Specific milestones and the assignment of resources are
not covered. Figure 6.16 illustrates a partial bar chart.

2. Milestone chart: A presentation of specific program events (i.e., identifiable out-
puts) and required start and completion times by calendar date is included. Deliverable
items required under contract are noted. Figure 6.17 shows a sample milestone chart.

3. Combined milestone/bar chart: The combining of activities and milestones into
an overall project schedule is a common approach for many programs. Figure 6.18
presents the primary system engineering tasks, included in Figure 6.6, in a program
time line format. This, of course, serves as the basis for the assignment of resources
and the development of cost projections.
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