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Systems Engineering Fundamentals Introduction

PREFACE

This book provides a basic, conceptual-level description of engineering management disciplines that
relate to the development and life cycle management of a system. For the non-engineer it provides an
overview of how a system is developed. For the engineer and project manager it provides a basic frame-
work for planning and assessing system development.

Information in the book is from various sources, but a good portion is taken from lecture material
developed for the two Systems Planning, Research, Development, and Engineering courses offered by
the Defense Acquisition University.

The book is divided into four partgitroduction; Systems Engineering Process; Systems Analysis and
Control; and Planning, Organizing, and Acquisitiofihe first part introduces the basic concepts that
govern the systems engineering process and how those concepts fit the DoD acquisition process. Chap-
ter 1 establishes the basic concept and introduces terms that will be used throughout the book. The
second chapter goes through a typical acquisition life cycle showing how systems engineering supports
acquisition decision making.

The second part introduces the systems engineering problem-solving process, and discusses in basic
terms some traditional techniques used in the process. An overview is given, and then the process of
requirements analysis, functional analysis and allocation, design synthesis, and verification is explained
in some detail. This part ends with a discussion of the documentation developed as the finished output
of the systems engineering process.

Part three discusses analysis and control tools that provide balance to the process. Key activities (such as
risk management, configuration management, and trade studies) that support and run parallel to the
system engineering process are identified and explained.

Part four discusses issues integral to the conduct of a systems engineering effort, from planning to
consideration of broader management issues.

In some chapters supplementary sections provide related material that shows common techniques or
policy-driven processes. These expand the basic conceptual discussion, but give the student a clearer
picture of what systems engineering means in a real acquisition environment.

DSMC wishes to thank Mr. John Leonard, the principal author of this document, for hig
efforts and his patience as this document moved from design to production.
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CHAPTER 1

INTRODUCTION TO
SYSTEMS ENGINEERING
MANAGEMENT

1.1 PURPOSE * An interdisciplinary approach encompassing
the entire technical effort, to evolve into and
The overall organization of this text is described verify an integrated and life cycle balanced set
in the Preface. This chapter establishes some of of system people, products, and process solutions
the basic premises that are expanded throughout that satisfy customer needs. (EIA Standard IS-
the book. Basic terms explained in this chapter 632,Systems EngineerinBecember 1994.)

are the foundation for following definitions. Key

systems engineering ideas and viewpoints are An interdisciplinary, collaborative approach to
presented, starting with a definition of a system. derive, evolve, and verify a life cycle balanced
system solution which satisfies customer ex-
pectations and meets public acceptability.
(IEEE P1220,Standard for Application and
Management of the Systems Engineering Pro-
cess [Final Draft], 26 September 1994.)

1.2 DEFINITIONS
A System Is ...

Simply stated, a system is an integrated composh summary, systems engineering is an interdisci-
ite of people, products, and processes that providainary engineering management process to evolve
a capability to satisfy a stated need or objective.and verify an integrated, life cycle balanced set of

system solutions that satisfy customer needs.
Systems Engineering Is...

Systems Engineering Management Is...
Systems engineering consists of two significant
disciplines: the technical knowledge domain inAs illustrated by Figure 1-1, systems engineering
which the systems engineer operates, and systemsanagement is accomplished by integrating three
engineering management. This book focuses omajor activities:
the process of systems engineering management.

» Development phasing that controls the design
Three commonly used definitions of systems process and provides baselines that coordinate
engineering are provided by the best known tech- design efforts,
nical standards that apply to this subject. They all
have a common theme: » A systems engineering process that provides a
structure for solving design problems and track-

» A logical sequence of activities and decisions ing requirements flow through the design effort,

transforming an operational need into a descrip-
tion of system performance parameters and a
preferred system configuration. (MIL-STD-
499A,Engineering Managemerit May 1974.
Now cancelled.)

and

Life cycle integration that involves the custom-
ers in the design process and ensure that the
system developed is viable throughout its life.
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Figure 1-1. Three Activities of Systems Engineering Management

Each one of these activities is hecessary to achiewaceability to develop solutions that meet customer
proper management of a development effortneeds. The systems engineering process may be
Phasing has two major purposes: it controls theepeated one or more times during any phase of
design effort and is the major connection betweetthe development process.

the technical management effort and the overall

acquisition effort. It controls the design effort by Life cycle integration is necessary to ensure that
developing design baselines that govern each levéhe design solution is viable throughout the life of
of development. It interfaces with acquisition the system. It includes the planning associated with
management by providing key events in the develogsroduct and process development, as well as the
ment process where design viability can bdntegration of multiple functional concerns into the
assessed. The viability of the baselines developedksign and engineering process. In this manner,
is a major input for acquisition management mileproduct cycle-times can be reduced, and the need
stone decisions. As a result, the timing and coorfor redesign and rework substantially reduced.
dination between technical development phasing

and the acquisition schedule is critical to maintain

a healthy acquisition program. 1.3 DEVELOPMENT PHASING

The systems engineering process is the heart @fevelopment usually progresses through distinct
systems engineering management. Its purpose lgvels or stages:

to provide a structured but flexible process that

transforms requirements into specifications,s Concept level, which produces a system concept
architectures, and configuration baselines. The description (usually described in a concept
discipline of this process provides the control and study);
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» System level, which produces a systembetween the baselines. The triangles represent
description in performance requirement termspaseline control decision points, and are usually
and referred to as technical reviews or audits.

» Subsystem/Component level, which produced.evels of Development Considerations
first a set of subsystem and component prod-
uct performance descriptions, then a set oSignificant development at any given level in the
corresponding detailed descriptions of thesystem hierarchy should not occur until the con-
products’ characteristics, essential for theirfiguration baselines at the higher levels are con-
production. sidered complete, stable, and controlled. Reviews
and audits are used to ensure that the baselines are
The systems engineering process is applied to eachady for the next level of development. As will
level of system development, one level at a timebe shown in the next chapter, this review and audit
to produce these descriptions commonly calleghrocess also provides the necessary assessment
configuration baselines. This results in a series obf system maturity, which supports the DoD
configuration baselines, one at each developmemdilestone decision process.
level. These baselines become more detailed with
each level.
1.4 THE SYSTEMS ENGINEERING
In DoD the configuration baselines araled the PROCESS
functional baseline for the system-ledekcription,
the allocated baseline for the subsystem/compdFhe systems engineering process is a top-down
nent performance descriptions, and the produatomprehensive, iterative and recursive problem
baseline for the subsystem/ component detail descrigolving process, applied sequentially through all
tions. Figure 1-2 showthe basic relationships stages of development, that is used to:

Concept Studies
]

*

DESIGN DEFINITION -
* System Definiiton

(Functional Baseline)

DESIGN DEFINITION L .
* Preliminary Design

(Allocated Baseline)

DESIGN DEFINITION Detail Design
v (Product Baseline)

Figure 1-2. Development Phasing
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» Transform needs and requirements into a set dhe system. The word “architecture” is used in vari-
system product and process descriptions (addus contexts in the general field of engineering. It
ing value and more detail with each level ofis used as a general description of how the sub-
development), systems join together to form the system. It can

also be a detailed description of an aspect of a

» Generate information for decision makers, andgsystem: for example the Operational, System, and

Technical Architectures used in C4ISR and soft-
» Provide input for the next level of development.ware intensive developments. However, Systems
Engineering Management as developed in DoD

As illustrated by Figure 1-3, the fundamental systecognizes three universally usable architectures

tems engineering activities are Requirementshat describe important aspects of the system: func-

Analysis, Functional Analysis/Allocation, and tional, physical, and system architectures. This

Design Synthesis, all balanced by technigues anbook will focus on these architectures as neces-

tools collectively called System Analysis and Consary components of the systems engineering

trol. Systems engineering controls are used to traghrocess.

decisions and requirements, maintain technical

baselines, manage interfaces, manage risks, tradke Functional Architecturaédentifies and struc-

cost and schedule, track technical performancdures the allocated functional and performance

verify requirements are met, and review/audit theequirements. Th&hysical Architecturedepicts
progress. the system product by showing how it is broken
down into subsystems and components. The

During the systems engineering process archite@ystem Architecturalentifies all the products

turesare generated to better describe and understafidicluding enabling products) that are necessary

P
R
o)
C
E —} Requirements ‘\ System Analysis
S Analysis and Control
S & (Balance)
| Requirements
N Loop
P
$ Functional Analysis
Allocation

Design
Loop

Verification v
Synthesis

PROCESS OUTPUT

Figure 1-3. The Systems Engineering Process
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to support the system and, by implication, thee When appropriate, business areas such as
processes necessary for development, production/ finance, cost/budget analysis, and contracting.
construction, deployment, operations, support,

disposal, training, and verification. Life Cycle Functions

Life Cycle Integration Life cycle functions are the characteristic actions
associated with the system life cycle. As illustrated
Life cycle integration is achieved through inte-by Figure 1-4, they are development, production
grated development—that is, concurrent considand construction, deployment (fielding), operation,
eration of all life cycle needs during the develop-support, disposal, training, and verification. These
ment process. DoD policy requires integratedactivities cover the “cradle to grave” life cycle pro-
development, called Integrated Product and Prodzess and are associated with major functional
uct Development (IPPD) in DoD, to be practicedgroups that provide essential support to the life
at all levels in the acquisition chain of commandcycle process. These key life cycle functions are
as will be explained in the chapter on IPPD. Concommonly referred to as the eight primary func-
current consideration of all life cycle needs can béions of systems engineering.
greatly enhanced through the use of interdiscipli-
nary teams. These teams are often referred to dhie customers of the systems engineer perform
Integrated Product Teams (IPTs.) the life cycle functions. The system user’s needs
are emphasized because their needs generate the
The objective of an Integrated Product Team is torequirement for the system, but it must be remem-
bered that all of the life cycle functional areas gen-
» Produce a design solution that satisfies initiallyerate requirements for the systems engineering
defined requirements, and process once the user has established the basic
need.Those that perform the primary functions
« Communicate that design solution clearly,also provide life cycle representation in design-
effectively, and in a timely manner. level integrated teams.

Multi-functional, integrated teams: Primary Function Definitions

» Place balanced emphasis on product an®evelopmentincludes the activities required to
process development, and evolve the system from customer needs to product
or process solutions.
* Require early involvement of all disciplines
appropriate to the team task. Production and Constructionincludes the fabri-
cation of engineering test models and “brass-
Design-level Integrated Product Team members afgoards,” low-rate initial production, full-rate
chosen to meet the team objectives and generalyroduction of systems and end items, or the con-
have distinctive competence in: struction of large or unique systems or subsystems.

» Technical management (systems engineeringDeployment (Fieldingjncludes the activities nec-
essary to initially deliver, transport, receive, pro-
» Life cycle functional areas (eight primary cess, assemble, install, checkout, train, operate,
functions); house, store, or field the system to achieve full
operational capability.
» Technical specialty areas, such as safety, risk
management, quality, etc.; or Operationis the user function and includes
activities necessary to satisfy defined operational
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Manufacturing/Production/
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Figure 1-4. Primary Life Cycle Functions

objectives and tasks in peacetime and wartim&ystems Engineering Considerations
environments.
Systems engineering is a standardized, disciplined
Supportincludes the activities necessary to pro-management process for development of system
vide operations support, maintenance, logisticssolutions that provides a constant approach to
and material management. system development in an environment of change
and uncertainty. It also provides for simultaneous
Disposalincludes the activities necessary to ensur@roduct and process development, as well as a
that the disposal of decommissioned, destroyed;ommon basis for communication.
or irreparable system components meets all
applicable regulations and directives. Systems engineering ensures that the correct
technical tasks get done during development
Training includes the activities necessary tothrough planning, tracking, and coordinating.
achieve and maintain the knowledge and skilResponsibilities of systems engineers include:
levels necessary to efficiently and effectively
perform operations and support functions. » Development of a total system design solution
that balances cost, schedule, performance, and
Verification includes the activities necessary to  risk;
evaluate progress and effectiveness of evolving
system products and processes, and to measuwreDevelopment and tracking of technical
specification compliance. information needed for decision making;

» \Verification that technical solutions satisfy
customer requirements;
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» Development of a system that can be producettacking and verification problems software devel-
economically and supported throughout the lifeopment entails. In a like manner, all technology
cycle; domains are expected to bring their own unique

needs to the process.

» Development and monitoring of internal and
external interface compatibility of the system This book provides a conceptual-level description
and subsystems using an open systemgf systems engineering management. The specific
approach; technigues, nomenclature, and recommended

methods are not meant to be prescriptive. Techni-

» Establishment of baselines and configuratiorcal managers must tailor their systems engineer-
control; and ing planning to meet their particular requirements

and constraints, environment, technical domain,

» Proper focus and structure for system and majoaind schedule/budget situation.
sub-system level design IPTs.

However, the basic time-proven concepts inherent
in the systems engineering approach must be

1.5 GUIDANCE retained to provide continuity and control. For

complex system designs, a full and documented

DoD 5000.2R, Part 4 establishes two fundamenunderstanding of what the system must do should

tal requirements for program management: precede development of component performance

descriptions, which should precede component

* |t requires that an Integrated Product andietail descriptions. Though some parts of the sys-
Process approach be taken to design wherevéem may be dictated as a constraint or interface, in
practicable, and general, solving the design problem should start

with analyzing the requirements and determining

» Itrequires that a disciplined systems engineerwhat the system has to do before physical alterna-
ing process be used to translate operationdives are chosen. Configurations must be controlled
needs and/or requirements into a systenand risk must be managed.
solution.

Tailoring of this process has to be done carefully

Tailoring the Process to avoid the introduction of substantial unseen risk

and uncertainty. Without the control, coordination,

System engineering is applied during all acquisiand traceability of systems engineering, an envi-

tion and support phases for large- and small-scal®nment of uncertainty results which will lead to

systems, new developments or product improvesurprises. Experience has shown that these
ments, and single and multiple procurements. Theurprises almost invariably lead to significant
process must be tailored for different needs andmpacts to cost and schedule. Tailored processes
or requirements. Tailoring considerations includehat reflect the general conceptual approach of this
system size and complexity, level of systembook have been developed and adopted by profes-
definition detail, scenarios and missions, con-sional societies, academia, industry associations,
straints and requirements, technology base, maj@overnment agencies, and major companies.

risk factors, and organizational best practices and

strengths.

1.6 SUMMARY POINTS

For example, systems engineering of software

should follow the basic systems engineering Systems engineering management is a multi-

approach as presented in this book. However, it functional process that integrates life cycle

must be tailored to accommodate the software functions, the systems engineering problem
development environment, and the unique progress solving process, and progressive baselining.
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The systems engineering process is a problem
solving process that drives the balanced

development of system products and processes.

Integrated Product Teams should apply the sys-
tems engineering process to develop a life cycle
balanced design solution.

The systems engineering process is applied to
each level of development, one level at a time.

Fundamental systems engineering activities are
Requirements Analysis, Functional Analysis/
Allocation, and Design Synthesis, all of which
are balanced by System Analysis and Control.

10

Baseline phasing provides for an increasing
level of descriptive detail of the products and

processes with each application of the systems
engineering process.

Baselining in a nut shell is a concept descrip-
tion that leads to a system definition which, in
turn, leads to component definitions, and then
to component designs, which finally lead to a
produced product.

The output of each application of the systems
engineering process is a major input to the next
process application.



CHAPTER 2

SYSTEMS ENGINEERING
MANAGEMENT
IN DOD ACQUISITION

2.1 INTRODUCTION concept definition. OMB Circular A-109 requires
the government agency to establish and justify a

The DoD acquisition process has its foundation irvalid requirement for a capability, which must be

federal policy and public law. The development,approved by the executive agency head (Secretary

acquisition, and operation of military systems isof Defense, NASA Administrator, etc.), before

governed by a multitude of public laws, formalinvolving industry in the system acquisition pro-

DoD directives, instructions and manuals, numereess. The principal guidance for defense system

ous Service and Component regulations, and margcquisitions is the DoD 5000 series directives.

inter-service and international agreements. These documents reflect the actions required of
DoD acquisition managers to:

Managing the development and fielding of mili-

tary systems requires three basic activities: tech- Translate operational needs into stable,

nical management, business management, and affordable programs,

contract management. As described in this book,

systems engineering management is the technical Acquire quality products, and

management component of DoD acquisition

management. » Organize for efficiency and effectiveness.

The acquisition process runs parallel to the require-

ments generation process and the budgeting.2 ACQUISITION LIFE CYCLE

process (Planning, Programming, and Budgeting

System). User requirements tend to be event-drivehhe acquisition process for major defense systems
by threat. The budget process is date-driven bis shown in Figure 2-1. The process begins within
constraints of the Congressional calendar. Systentle service or field commander-in-chief’s ongoing
Engineering Management bridges these processeasssion area analysis effort, which can result in a
and must resolve the dichotomy of event-driverMission Need Statement (MNS). By certifying a
needs, event-driven technology development, andhission need, the MNS can result in a decision

a calendar budget. to explore material solutions to the threat (Mile-
stone 0). The program then enters the Concept
Background Exploration (CE) phase, during which all reason-

able system alternatives are explored. The next
In 1976, the Office of Management and Budgetphase is Program Definition and Risk Reduction
(OMB) published Circular A-109 (Major Systems (PDRR). The preferred system concept is defined
Acquisitions) with the goal of increasing manage-by a set of system performance requirements, and
ment effectiveness for those acquisitions. It laicthe technology is demonstrated to show that any
the foundation for standardizing the Governmensignificant technical and acquisition risk areas
acquisition process and promoting unbiaseddentified have been brought under sufficient

11
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Program
| Concept | Definition | Engineering & | Production & | Operations
Exploration & Risk Manufacturing Deployment & Support
Pre-Concept | & Definition | Reduction | Development
| Phase 0 | Phase | | Phasel | Phaselll |

Product

Need Analysis | M Alternative | O Reduced | O Detailed O Production | M Improvement IID
Support N Concepts R Risk R Design R & Refined (0) s
Alternative Final
Technology S D D D Design D P
Opportunity CS)
1 2 3 R )

E L
Q

Approval
As
Required

Figure 2-1. Acquisition Phases

control to warrant entering the next program phasespecial cases are usually based on the decision

The program then enters the Engineering anduthority being convinced that the technology and

Manufacturing Development (EMD) phase, wheredesign maturity will support such a decision.

the preliminary design is completed, detailed

designs are created and tests are performed, and

low-rate initial production is initiated. 2.3 SYSTEMS ENGINEERING IN
ACQUISITION

Following the Milestone IlI review, the system

enters the Production and Deployment phase, duis required by DoD 5000.2-R, the systems engi-

ing which full-rate production takes place. In theneering process shall:

Operations and Support phase, modifications and

product improvements are usually implementedl. Transform operational needs and requirements

At the end of the system service life it is disposed (reference Appendix Il) into an integrated

of in accordance with applicable classified and system design solution through concurrent

environmental laws, regulations, and directives. consideration of all life cycle needs (i.e.,

Disposal activities also include recycling, mate- development, manufacturing, test and evalua-

rial recovery, salvage of reutilization, and disposal tion, verification, deployment, operations,

of by-products from development and production.  support, training and disposal);

At the end of each of the first three phases, th@. Confirm the compatibility, interoperability and
need for the program is re-certified by the mile- integration of all functional and physical inter-
stone decision authority before additional resources faces and ensure that system definition and
are authorized. At each review, the decision design reflect the requirements for all system
authority can choose to continue the present phase, elements: hardware, software, facilities, people,
proceed to the next phase, or cancel the program. and data; and

The decision authority may also direct a tailored

program to omit or combine specific phases. ThesB. Characterize and manage technical risks.

12
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These objectives are accomplished with the use @ystems engineering process is used to support the
the management concepts and techniqueMiilestone | decision, as well as to provide infor-
described in the following chapters. The applicaimation to help the user develop the Operational
tion of systems engineering management coincideRequirements Document (ORD) and to provide
with acquisition phasing. To support milestonesignificant input for the systems engineering
decisions, major technical reviews are conductegrocess in Phase I, to follow.
to evaluate system design maturity.

Program Definition and
Concept Exploration (Phase 0) Risk Reduction (Phase I)

As shown in Figure 2-2, in Concept ExplorationMajor systems engineering inputs for PDRR in-
the primary inputs to the systems engineering proclude the outputs of the process in Phase 0, the
cess include the Mission Need Statement (MNSPRD, and the Phase | exit criteria established at
and pre-Milestone 0 outputs developed by studyilestone I. The systems engineering process will
groups. Alternative conceptual solutions are debe accomplished on various levels to develop a
veloped during Concept Exploration. Prior to Mile- systems level (Functional) baseline including a
stone | the alternative concepts are reviewed anBlystem Specification, demonstrate the technology
conclusions concerning the technical approach farequired to develop the system, and identify and
Phase | are consolidated. The formal mechanismeduce the risk associated with developing the
for this is a technical review. The output from thechosen concept(s). During this phase more than

Alternative Concepts
Analysis of Alternatives
System Level Requirements

System Analysis
and Control
(Balance)

Requirements \

Analysis

A
Requirements
Loop

Functional Analysis
Allocation

Verification

Synthesis

AN

Figure 2-2. Concept Exploration

13
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oneversion of the basic concept may baval-  System Spefication is incomplete, the technol-
oped, usually in a compatie ewvironment As  ogy evaluations incomplete, or risk misjudged,
shown in Figure 2-3, a thnicalreview is held to  then thexpecttions reflected in the Milestone I
ensure that the phase objeets lave been decision will not be met.
achived Technical, costand risk paramete must
be within acceptable limits, and mustwerge on  The message is clear: PDRR must be used to
a complete and documented set of systarall determine what has to be done in EMD, ¢eadop
technical requirements (a System Sfieation). the technology to do,iand to determine theuel
Systems engineering process outputs from PDRRf difficulty involved.Failure to fully consider the
become inputs for future applications of the protechnical realitiest Milestone Il will likely result
cess.For example, the System Spéiciation in significant problems during EMDTechnobgy,
approred in PDRR dwres the prelimings design  including that necessafgr integration, should be
effort in Phase Il developed in PDRR or pursued as a product
improvement &ort.
The Milestone Il decision to proceed to enginee
ing and manufacturingedelopment (EMD) is Technology dvelopment igarely precisely pre-
highly dependent upon the quality of the informa-dictable put schedule angsources can be planned
tion developed through application of the systemsreasombly close for egineering @velopment.
ergineering process. Ehinformation describes EMD technical &orts are understood to be basi-
(or should) the realities of the up-coming resourceally engineeringdevelopment; tht is, they are a
intensve EMD and Production phases. Theproblem of consolidatingvailable information
technical information must be correct and com-deiived from past technologyedelopment.
plete and ky external intefaces idenfied. If the

System L evel Baseline
Tech Demonstration
Risk ID & Man agement

Requirements |[¥——— /System Analysis
Analysis and Control
(Balance)

Requirements
Loop

Functional Analysis
Allocation

Design
Loop

Synthesis

Verification

Draft System
Level Baseline
| . 3 5 0 0 B 0 0 0 0 0 § |

App roved
SystemL evel
Baseline
ech
i i Review i i

Figure 2-3 . Program Definition and Risk Reduction (PDRR)
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Engineering and Manufacturing is held to ensure that the Allocated Baseline is

Development (Phase II) complete and that it will result in an appropriate
detailed design (Product Baseline).

EMD consists of more than one system engineer-

ing phase. Itincludes Preliminary Design, DetailedEMD Stage 2. Detailed Design

Design, and preparation for the full-rate produc-

tion decision. These are discussed as “Stages” Figure 2-5 shows the second stage of Phase Il is

the paragraphs that follow. the initial development of the complete product
design in terms of the physical components in-
EMD Stage 1. Preliminary Design volved. This physical description is the initial Prod-

uct Baseline definition. Parts of the Product
The first stage (Figure 2-4) is the development oBaseline are developed prior to this period to dem-
the preliminary design based on the system teclenstrate the validity of the preliminary design, or
nical requirements (System Specification) develbecause that part was a directed solution, required
oped in Phase |. The systems engineering procefw interface, or a non-developmental item. The
will be repeatedly performed on the subsystem anldaseline will continue to be developed after this
component level to develop performance specifiperiod as testing and initial production provide
cations to describe the lower levels of the systennformation to optimize the design.
architecture. The resulting baseline, often referred
to as the Allocated Baseline, consolidates subFinal definition of the baseline may not occur until
system and component technical performance arafter Milestone Ill. However, the majority of the
interface requirements. The detailed design wilProduct Baseline is developed during this period
be developed from the design requirements elabdhrough a series of system engineering processes
rated in the Allocated Baseline. A technical reviewfocused on systems, subsystems, and components.

Preliminary Design
Allocated Baseline
Performance Item Specs

[ 7

Requirements \ System Analysis
Analysis and Control

(Balance)

Approved Functional
Baseline

Requirements
Loop

¥

Functional Analysis
Allocation

Design
Loop

Synthesis

Verification

Draft Allocated
Baseline 1l . 5 R 0 R R R R 0 0 0 0B |

)4

Figure 2-4. =ngineering and Manufacturing Development (EMD) — Stage 1

Approved
SystemLevel
Baseline
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Detail Design
Product Baseline
Detail Item, Material, and Process Specs
Technical Data Package

Requirements \ System Analysis
Analysis and Control
. (Balance)

Approved Functional and
Allocated Baseline

Requirements
Loop

Functional Analysis
Allocation

P~ Independent
L esign
Preliminary Loop 1& II‘ LRIP
Design Verification Continued
Synthesis Det.all
Design

Draft Product
Baseline I N E BN EEEEEEEEEEEEEEIEER

9%

Preliminary
Design Review

Partially Controlled
Product Baseline

Figure 2-5. Engineering and Manufacturing Development (EMD) — Stage 2

When the Product Baseline is complete enough, @esting will be more meaningful if the systems
review is held to ensure that the maturity of theengineering efforts result in a testable system con-
design is sufficient to begin initial low-rate pro- figuration that meets customer expectations. Initial
duction, initiate audit of the Allocated Baseline, production will go more smoothly if the system
and finalize plans for technical and operational testeonfiguration is designed to be producible. Well-
ing. Parts of the baseline are put under formal corproduced initial production units will help ensure
trol. This generally includes Item Detail Specifi- that the tests and design audits are successful.
cations, Material Specifications, Process Specifi-
cations, and all drawings released for productionContinued Design Effort The Product Baseline
continues to be developed to greater detail with
EMD Stage 3. Preparation for Production input from system engineering process verifica-
tion and analysis efforts, formal testing, and ini-
Variation often occurs between programs in thidial production. Audits of system components are
stage. The following describes a representativleld to verify they meet their Allocated Baseline
approach to a complex, high-rate production sytenrequirements. After all appropriate components
It includes the basic activities and sequences iave been audited, a technical review is held to
herent in this stage. Shown by Figure 2-6, the thirdonfirm that the Allocated Baseline matches the
stage of EMD consists of continued detail designas-built component configurations; and based on
system verification, and initial production. The evaluating production representative prototypes or
three activities run in parallel and the success ofarly production units that the as-built system con-
each depends on the others. Design refinement wiliguration matches the Functional Baseline. The
depend on feedback from testing and productiorfindings of this review are major inputs to the Mile-
stone Il decision process.
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Figure 2-5. Engineering and Manufacturing Development (EMD) — Stage 2

Initial Production — After the technical review in  Test and Evaluation -After the technical review
the previous stage confirms the configuration isn the previous stage, readiness reviews are held to
suitable to initiate limited production, a series ofconfirm testing processes are ready and in place. Live
readiness reviews are held to confirm the produdire and developmental testing is performed by the
tion process is ready and in place. Low Rate Initiatleveloping agency to support the design process
Production (LRIP) is then initiated to support test-and to prepare for independent operatideat-
ing, provide feedback to design efforts, graduallying. Initial Operational Test and Evaluation (IOT&E)
ramp-up to rate-production levels, and develop thés then performed on a production repentative
production process in an orderly manner. Early\system by the service operational test agency. This
production units can be used to support Operaest assesses whether the operational requirements
tional Testing. (Though it is not unusual for have been met and if the system is operationally
some system level developmental testing to beffective and suitable. Test results are used to refine
done on early production units, developmentathe design. Theperational test report is a major
testing does not satisfy the statutory require{usually the most important) input to the Mile-
ments to justify production of low-rate items stone lll decision process. The results of the design,
prior to the Milesbne Ill decision.) The effec- test, and initial production processes are the tech-
tiveness and stability of the initial production pro-nical inputs to the full-rate productiatecision.
cess is a major consideration in the Milestone IlIFrom audits and testing, design maturity and risk is
decision process. assessed. From initial production, the ability to
produce and unit cost affordabilityasnfirmed.
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Figure 2-7. Production and Deployment

Production, Deployment, Operation, and produced. Once the audits and any resulting cor-
Support (Phase I11) rections have been successfully completed, the
Product Baseline is put under formal configuration
After the decision to go to full-rate production, control.
the systems engineering process is used to refine
the detail design to incorporate findings of theThe configuration is then formally managed for
independent operational testing, direction from thehe life of the system, usually at all three baseline
milestone decision authority, and feedback fromevels. Systems Engineering activities in the op-
deployment activities. Once configuration change®ration and support phase are focused on control-
have been made and incorporated into productioing the configuration, especially maintaining the
and the configuration and production is considsystem’s performance capability. If the military
ered stable, Follow-on Operational Test and Evaluthreat changes or a technology opportunity
ation (FOT&E) is performed on a stable produc-emerges, then the system may require a modifica-
tion system. Test results are used to further refingdon. These modifications must be approved at an
the production configuration. Once this has beemppropriate level for the particular change being
accomplished and production again becomesonsidered. The change then drives the initiation
stable, a series of detailed audits are held to confirmf new systems engineering processes, starting the
that the Product Baseline matches the system beimmycle (or parts of it) over again.
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Disposal the intent of preserving the requirements traceabil-
ity, baseline control, life cycle focus, maturity
System engineers plan for, and conduct, systernacking, and integration inherent in the systems
disposal throughout the life cycle, beginning withengineering approach. The validity of tailoring the
concept development. System components caprocess should always be a risk management issue.

require disposal because of decommissioning, the&cquisition Reform issues will be addressed again

destruction, or irreparable damage. In additionin Part IV.

processes and material used for development,
production, operation, or maintenance can raise
disposal issues throughout the life cycle.

Disposal must be done in accordance with applie
cable and laws, regulations, and directives that are
continually changing, usually to require more
severe constraints. They mostly relate to security
and environment issues that include recycling,
material recovery, salvage, and disposal of by-
products from development and production.

Every Development is Different

The process outlined above is the “ideal” or “nomi-

nal” development that would normally apply to a

major acquisition. The systems engineer has te
tailor this nominal process to the specific devel-
opment. For example, if the system design will

rely significantly on the use of commercial items,

then the product’s detailed design and fabrication
can be adjusted to a more appropriate, low level
effort. If the type of system is well understood

within the applicable technical domains, or it is

an advanced version of a current, well understood
system, then the program definition and risk re-
duction efforts could be adjusted to a lower-level

effort.

The process must be tailored to the specific devek
opment, both because it is good engineering and
because it is DoD policy as part of the Acquisition
Reform initiative. But tailoring must be done with

19

2.4 SUMMARY POINTS

The development, acquisition, and operation of
military systems is governed by a multitude of
public laws, formal DoD directives, instructions
and manuals, numerous Service and Compo-
nent regulations, and many inter-service and
international agreements.

Systems engineering management must resolve
the dichotomy of threat-driven needs, event-
driven technology development, and a calendar
budget.

The consequence of an incomplete PDRR sys-
tems engineering effort is that the expectations
of the decision-makers formed at Milestone II
will not be met.

Systems engineering management is a critical
support process for DoD Acquisition. If the
systems engineering management is success-
ful, then the program will likely be successful.

If the systems engineering management effort
fails, then the Program Acquisition effort will
also fail.

Finally, Figure 2-8 provides an overview of how
systems engineering is performed throughout
the acquisition life cycle.
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CHAPTER 3

SYSTEMS ENGINEERING
PROCESS OVERVIEW

3.1 THE PROCESS with each level of development. As shown by
Figure 3-1, the process includes inputs and out-

The Systems Engineering Process (SEP) is a corputs, requirements analysis, functional analy-

prehensive, iterative & recursive problem solvingsis andallocation, requirements loop, synthesis,

process, applied sequentially top-down by intedesign loop, verification, and system analysis and

grated teams. It transforms needs and requiremertsntrol.

into a set of system product and process descrip-

tions, generate information for decision-makersSE Process Inputs

and provides input for the next level of develop-

ment. The process is applied sequentially, one levéhputs consist primarily of the customer’s needs,

at a time, adding additional detail and definitionobjectives, requirements and project constraints.

Process Input

« Customer Needs/Objectives/
Requirements
— Missions
— Measures of Effectiveness
— Environments
— Cpmstraomts
« Technology Base
« Output Requirements from Prior
Development Effort
« Program Decision Requirements
« Requirements Applied Through
Specifications and Standards

System Analysis
& Control
(Balance)

Requirements Analysis

« Analyze Missions & Environments

« Identify Functional Requirements

« Define/Refine Performance & Design
Constraint Requirements

AA Requirements Loop

Functional Analysis/Allocation

+ Decompose to Lower-Level Functions

+ Allocate Performance & Other Limiting Requirements tof
All Functional Levels

« Define/Refine Functional Interfaces (Internal/External)

« Define/Refine/Integrate Functional Architecture

« Trade-Off Studies

« Effectiveness Analyses
« Risk Management

« Configuration Management
« Interface Management

« Data Management

« Perfromance Measurement
- SEMS

- TPM

— Technical Reviews

DesignLoop

Synthesis

« Transform Architectures (Functional to Physical)

« Define Alternative System Concepts, Configuration
Verification Items & System Elements

« Select Preferred Product & Process Solutions

« Define/Refine Physical Interfaces (Internal/External)

Related Terms: Process Output
Customer = Organizations responsible for Primary Functions « Development Level Dependent
Primary Functions = Development, Production/Construction, Verification, — Decision Data Base
Deployment, Operations, Support, Training, Disposal — System/Configuration Iltem
Systems Elements = Hardware, Software, Personnel, Facilities, Data, Material, Architecture
Services, Techniques — Specifications & Baselines

Figure 3-1. The Systems Engineering Process
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Inputs can include, but are not restricted to, misRequirements Loop

sions, measures of effectiveness, environments,

available technology base, output requirement®erformance of the functional analysis and allo-

from prior application of the systems engineeringcation results in a better understanding of the

process, program decision requirements, antequirements and should prompt reconsideration

requirements based on “corporate knowledge.” of the requirements analysis. Each function iden-
tified should be traceable back to a requirement.

Requirements Analysis This iterative process of revisiting requirements
analysis as a result of functional analysis and

The first step of the Systems Engineering Procesallocation is referred to as the requirements loop.

is to analyze the process inputs. Requirements analy-

sis is used to develop functional goefformance Design Synthesis

requirements; that is, customer requirements are

translated into a set of requirements that defin®esign synthesis is the process of defining the

what the system must do and how well it mustproduct or item in terms of the physical and soft-

perform. The systems engineer must ensure that threare elements which together make up and define

requirements are understandable, unanthigu the item. The result is often referred to as the physi-

comprehensive, complete, and concise. cal architecture. Each part must meet at least one
functional requirement, and any part may support

Requirements analysis must clarify and definanany functions. The physical architecture is the

functional requirements and design constraintsbasic structure for generating the specifications and

Functional requirements define quantity (howbaselines.

many), quality (how good), coverage (how far), time

lines (when and how long), and availability (how Design Loop

often.) Design constraints define those factors that

limit design flexibility, such as environmentain-  Similar to the requirements loop described above,

ditions or limits, defense against internal or externalhe design loop is the process of revisiting the func-

threats, contract, customer or regulatory standarddional architecture to verify that the physical design
synthesized can perform the required functions at

Functional Analysis/Allocation required levels of performance. The design loop
permits reconsideration of how the system will

Functions are analyzed by decomposing highermperform its mission, and this helps optimize the

level functions identified through requirementssynthesized design.

analysis into lower-level functions. The perfor-

mance requirements associated with the higheverification

level are allocated to lower functions. The result

is a description of the product or item in terms ofFor each application of the system engineering

what it does logically and in terms of the perfor-process, the solution will be compared to the

mance required. This description is often calledequirements. This part of the process is called the

the functional architecture of the product or item.verification loop, or more commonly, Verification.

Functional analysis and allocation allows for aEach requirement at each level of development

better understanding of what the system has to doust be verifiable. Baseline documentation devel-

in what ways it can do it, and to some extent, th@ped during the systems engineering process must

priorities and conflicts associated with lower-levelestablish the method of verification for each

functions. It provides information essential torequirement.

optimizing physical solutions. Key tools in func-

tional analysis and allocation are Functional FlowAppropriate methods of verification include

Block Diagrams, Time Line Analysis, and the examination, demonstration, analysis (including

Requirements Allocation Sheet. modeling and simulation), and testing. Formal test
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and evaluation (both developmental ands Technical decisions and specification require-
operational) are important contributors to the ments are based on systems engineering
verification of systems. outputs;

Systems Analysis and Control » Traceability from systems engineering process
inputs to outputs is maintained;
Systems Analysis and Control include technical
management activities required to measure Schedules for development and delivery are
progress, evaluate and select alternatives, and docu- mutually supportive;
ment data and decisions. These activities apply to
all steps of the SE process. » Required technical disciplines are integrated
into the systems engineering effort;
System analysis activities include trade-off stud-
ies, effectiveness analyses, and design analyses. Impacts of customer requirements on resulting
They evaluate alternative approaches to satisfy functional and performance requirements are
technical requirements and program objectives, examined for validity, consistency, desirabil-
and provide a rigorous quantitative basis for ity, and attainability; and;
selecting performance, functional, and design
requirements. Tools used to provide input to- Product and process design requirements are
analysis activities include modeling, simulation, directly traceable to the functional and perfor-
experimentation, and test. mance requirements they were designed to
fulfill, and vice versa.
Control activities include risk management, con-
figuration management, data management, and
performance-based progress measurement inclu&E Process Output
ing event based scheduling, Technical Performance
Measurement (TPM), and technical reviews. Process output is dependent on the level of devel-
opment. It will include the decision database, the
The purpose of Systems Analysis and Control isystem or configuration item architecture, and the
to ensure that: baselines, including specifications, appropriate to
the phase of development. In general, it is any data
» Solution alternative decisions are made onlythat describes or controls the product configura-
after evaluating the impact on system effectivetion or the processes necessary to develop that
ness, life cycle resources, risk, and customeproduct.
requirements;
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CHAPTER 4

REQUIREMENTS
ANALYSIS

4.1 SYSTEMS ENGINEERING PROCESS  within the constraints. They eventually must be
INPUTS verified to meet both the requirements and
constraints.
The inputs to the process include the customer’s
requirements and the project constraints. RequiréFypes of Requirements
ments relate directly to the performance charac-
teristics of the system being designed. They arRequirements are categorized in several ways. The
the stated life cycle customer needs and objectivdsllowing are common categorizations of require-
for the system, and they relate to how well thements that relate to technical management:
system will work in its intended environment.
Customer RequirementsStatements of fact and
Constraints are conditions that exist because assumptions that define the expectations of the
limitations imposed by external interfaces, projectsystem in terms of mission objectives, environ-
support, technology, or life cycle support systemsment, constraints, and measures of effectiveness
Constraints bound the development teams’ desigand suitability (MOE/MOS). The customers are
opportunities. those that perform the eight primary functions of
systems engineering (Chapter 1), with special
Requirements are the primary focus in the sysemphasis on the operator as the key customer.
tems engineering process because the proces€perational requirements will define the basic need
primary purpose is to transform the requirementand, at a minimum, answer the questions posed in
into designs. The process develops these desigiRggure 4-1.

Operational distribution or deployment: Where will the system be used?
Mission profile or scenario:  How will the system accomplish its mission objective?

Performance and related parameters:  What are the critical system parameters to accom-
plish the mission?

Utilization environments:  How are the various system components to be used?

Effectiveness requirements:  How effective or efficient must the system be in performing its
mission?

Operational life cycle: How long will the system be in use by the user?

Environment: What environments will the system be expected to operate in an effective
manner?

Figure 4-1. Operational Requirements — Basic Questions
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Functional Requirements:The necessary task,
action or activity that must be accomplished. Func-
tional (what has to be done) requirements identified
in requirements analysis will be used as the top-
level functions for functional analysis.

Performance RequirementShe extent to which

a mission or function must be executed; generally
measured in terms of quantity, quality, coverages
timeliness or readiness. During requirements
analysis, performance (how well does it have to
be done) requirements will be interactively devel-
oped across all identified functions based on sys-
tem life cycle factors; and characterized in terms
of the degree of certainty in their estimate, the
degree of criticality to system success, and their
relationship to other requirements.

Design RequirementsThe “build to,” “code to,” o
and “buy to” requirements for products and “how
to execute” requirements for processes expressed
in technical data packages and technical manuals.

Derived RequirementsRequirements that are
implied or transformed from higher-level require-
ment. For example, a requirement for long range
or high speed may result in a design requirement
for low weight.

etc. The expected performance and functional
utility must be expressed in a manner that
allows verification to be objective, preferably
gquantitative.

A requirement must be unambiguous. It must
have but one possible meaning.

It must be complete and contain all mission
profiles, operational and maintenance concepts,
utilization environments and constraints. All
information necessary to understand the
customer’s need must be there.

It must be expressed in terms of need, not
solution; that is, it should address the “why”
and “what” of the need, not how to do it.

It must be consistent with other requirements.
Conflicts must be resolved up front.

It must be appropriate for the level of system
hierarchy. It should not be too detailed that it
constrains solutions for the current level of
design. For example, detailed requirements
relating to components would not normally be
in a system-level specification.

Allocated RequirementsA requirement that is 4.2 REQUIREMENTS ANALYSIS

established by dividing or otherwise allocating a

high level requirement into multiple lower level Requirements analysis involves defining customer
requirements. Example: A 100-pound item thaneeds and objectives in the context of planned
consists of two subsystems might result in weightustomer use, environments, and identified system
requirements of 70 pounds and 30 pounds for theharacteristics to determine requirements for
two lower-level items. system functions. Prior analyses are reviewed and
updated, refining mission and environment
Attributes of Good Requirement definitions to support system definition.
The attributes of good requirements include thdRequirements analysis is conducted iteratively with
following: functional analysis to optimize performance
requirements for identified functions, and to verify
» A requirement must be achievable. It mustthat synthesized solutions can satisfy customer
reflect need or objective for which a solution isrequirements. The purpose of Requirements
technically achievable at costs consideredAnalysis is to:
affordable.
» Refine customer objectives and requirements;
* It must be verifiable—that is, not defined by
words such as excessive, sufficient, resistant,
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» Define initial performance objectives and refinelnputs
them into requirements;
Typical inputs include customer needs and objec-
» ldentify and define constraints that limit tives, missions, MOE/MQOS, environments, key
solutions; and performance parameters (KPPs), technology base,
output requirements from prior application of SEP,
» Define functional and performance require-program decision requirements, and suitability
ments based on customer provided measurgequirements. (See Figure 4-2 for additional
of effectiveness. considerations.)

In general, Requirements Analysis should resultnput requirements must be comprehensive and

in a clear understanding of: defined for both system products and system
processes such as development, manufacturing,
» Functions: What the system has to do, verification, deployment, operations, support,

training and disposal (eight primary functions).
» Performance: How well the functions have to
be performed, Role of Integrated Teams

Interfaces: Environment in which the systemThe operator customers have expertise in the

will perform, and operational employment of the product or item
being developed. The developers (government and
» Other requirements and constraints contractor) are not necessarily competent in the

operational aspects of the system under develop-
The understandings that come from requirementment. Typically, the operator’'s need is neither
analysis establish the basis for the functional andlearly nor completely expressed in a way directly
physical designs to follow. Good requirementsusable by developers. It is unlikely that develop-
analysis is fundamental to successful desigmrs will receive a well-defined problem from which
definition. they can develop the system specification. Thus,

* Inputs converted to putputs:
— Customer requirements
— Mission and MOEs (MNS, ORD)
— Maintenance concept and other life-cycle function
planning
— SE outputs from prior development efforts

Controls
e Controls:
— Laws and organizational policies and procedures
— Military specific requirements
— Utilization environments Inputs
— Tech base and other constraints Transformed Requirements »Outputs
into Outputs RTENE
« Enablers:
— Multi-disciplinary product teams
— Decision and requirements database including
system/configuration item descriptions from prior
efforts Enablers

— System analysis and control

Figure 4-2. nputs to Requirements Analysis
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teamwork is necessary to understand the prob- What will be the final form of the product: such
lem and to analyze the need. It is imperative that as, model, prototype, or mass production?
customers are part of the definition team.

This list can start the critical, inquisitive outlook
On the other hand, customers often find it easienecessary to analyze requirements, but it is only
to describe a system that attempts to solve the protiie beginning. A tailored process similar to the
lem rather than to describe the problem itselfone at the end of this chapter must be developed
Although these “solutions” may be workable toto produce the necessary requirements analysis
some extent, the optimum solution, is obtainedutputs.
through a proper technical development effort
that properly balances the various customer
mission objectives, functions, MOE/MOS and4.3 REQUIREMENTS ANALYSIS
constraints. An integrated approach to product OUTPUTS
and process development will balance the analy-
sis of equirements by providing understandingThe requirements that result from requirements
and accommodation among the eight primaryanalysis are typically expressed from one of three

functions. perspectives or views. These have been described
as the Operational, Functional, and Physical views.
Requirements Analysis Questions All three are necessary and must be coordinated

to fully understand the customers’ needs and
Requirements Analysis is a process of inquiry anabjectives. All three are documented in the decision
resolution. The following are typical questions thatdatabase.
can initiate the thought process:

Operational View
 What are the reasons behind the system

development? The Operational View addresses how the system
will serve its users. It is useful when establishing
» What are the customer expectations? requirements of “how well” and “under what con-

dition.” Operational view information should be
» Who are the users and how do they intend tadocumented in an operational concept document
use the product? that identifies:

* What do the users expect of the product? ¢ Operational need definition,
* What is their level of expertise? e System mission analysis,

» With what environmental characteristics muste Operational sequences,
the system comply?
» Operational environments,
* What are existing and planned interfaces?
» Conditions/events to which a system must
* What functions will the system perform, respond,
expressed in customer language?
» Operational constraints on system,
* What are the constraints (hardware, software,
economic, procedural) to which the systeme Mission performance requirements,
must comply?
» User and maintainer roles (defined by job tasks
and skill requirements or constraints),
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» Structure of the organizations that will operate Physical View
support and maintain the system, and
The Physical View focuses on HOW the system
» Operational interfaces with other systems. is constructed. It is key to establishing the physi-
cal interfaces among operators and equipment,
Analyzing requirements requires understandingand technology requirements. Physical View
the operational and other life cycle needs anéhformation would normally include:
constraints.
» Configuration of System:

Functional View — Interface descriptions,

— Characteristics of information displays and
The Functional View focuses on WHAT the sys- operator controls,
tem must do to produce the required operational — Relationships of operators to system/
behavior. Itincludes required inputs, outputs, states physical equipment, and
and transformation rules. The functional require- — Operator skills and levels required to
ments, in combination with the physical require- perform assigned functions.

ments shown below, are the primary sources of
the requirements that will eventually be reflectede Characterization of Users:

in the system specification. Functional View — Handicaps (special operating environments),
information includes: and
— Constraints (movement or visual limita-
e System functions, tions.)
» System performance, e System Physical Limitations:
— Qualitative — how well — Physical limitations (capacity, power, size,
— Quantitative — how much, capacity weight),
— Timeliness or periodicity — how often — Technology limitations (range, precision,
data rates, frequency, language),
» Tasks or actions to be performed, — GFE, COTS, NDI, reusability requirements,
and
* Inter-function relationships, — Necessary or directed standards.

» Hardware and software functional relationships,
4.4 SUMMARY POINTS
» Performance constraints,
* Aninitial statement of a need is seldom defined
 Interface requirements including identification  clearly.
of potential open system opportunities (poten-
tial standards that could promote open systems A significant amount of collaboration between
should be identified), various life cycle customers is necessary to
produce an acceptable requirements document.
» Unique hardware or software, and
* Requirements are a statement of the problem
» Verification requirements (to include inspec- to be solved. Unconstrained and noninte-
tion, analysis/simulation, demo, and test). grated equirements are seldom sulfficient for
designing a solution.

» Because requirements from different custom-
ers will conflict, constraints will limit options,
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and resources are not unlimited; trade studies anced set of requirements that provide feasible
must be accomplished in order to select a bal- solutions to customer needs.
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SUPPLEMENT A

A PROCEDURE FOR
REQUIREMENTS ANALYSIS

The following section provides a list of tasks thatis a historical database of technical decisions and
represents a plan to analyze requirements. Part céquirements for future reference. Itis the primary
this notional process is based on the 15 requireneans for maintaining requirements traceability.
ments analysis tasks listed in IEEE P1220. Thig his database decision management system must be
industry standard and others should be consultedkeveloped or the existing system must be reviewed
when preparing engineering activities to helpand upgraded as necessary to accommodate the new
identify and structure appropriate activities. stage of product development. A key partttob
database management system is a Requirements
As with all techniques, the student should be carefraceability Matrix that maps requirements to sub-
ful to tailor; that is, add or subtract, as suits thesystems, configuration items, and functional areas.
particular system being developed. Additionally,
these tasks, though they build on each other, shoulthis must be developed, updated, and reissued on
not be considered purely sequential. Every task regular basis. All requirements must be recorded.
contributes understanding that may cause a ned@emember: If it is not recorded, it cannot be an
to revisit previous task decisions. This is the naturapproved requirement!
of all System Engineering activities.
The Fifteen Tasks of IEEE P1220
Preparation: Establish and
Maintain Decision Database The IEEE Systems Engineering Standard offers a
process for performing Requirements Analysis that
When beginning a systems engineering processpmprehensively identifies the important tasks that
be sure that a systemis in place to record and mamust be performed. These fifteen task areas to be
age the decision database. The decision databazealyzed follow and are shown in Figure 4-3.

1. Customer expectations 9. Llfe cycle

2. Project and enterprise constraints 10. Functional requirements

3. External constraints 11. Performance requirements

4. Operational Scenarios 12. Modes of operation

5. Measure of effectiveness (MOES) 13. Technical performance measures
6. System boundaries 14. Physical characteristics

7. Interfaces 15. Human systems integration

8. Utilization environments

Figure 4-3. IEEE P1220 Requirements Analysis Task Areas
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Task 1. Customer Expectations » Physical, financial, and human resource
allocations to the project.
Define and quantify customer expectations. They
may come from any of the eight primary func-Task 3. External Constraints
tions, operational requirements documents, mis-
sion needs, technology based opportunity, direddentify and define external constraints impacting
communications with customer, or requirementgdesign solutions or implementation of the Systems
from a higher system level. The purpose of thi€Engineering Process activities. External constraints
task is to determine what the customer wants thean include:
system to accomplish, and how well each func-
tion must be accomplished. This should include Public and international laws and regulations,
natural and induced environments in which the
product(s) of the system must operate or be usee, Technology base,
and constraints (e.g. funding, cost, or price objec-
tives, schedule, technology, non-developmentad Compliance requirements: Industry, interna-
and reusable itemphysical characteristics, hours  tional, and other general specifications, stan-
of operation per day, on-off sequences, etc.). dards, and guidelines which require compliance
for legal, interoperability, or other reasons,
Task 2. Project and Enterprise Constraints
» Threat system capabilities, and
Identify and define constraints impacting design
solutions. Project specific constraints can includes Capabilities of interfacing systems.

» Approved specifications and baselines develTask 4. Operational Scenarios
oped from prior applications of the Systems

Engineering Process, Identify and define operational scenarios that scope
the anticipated uses of system product(s). For each
» Costs, operational scenario, define expected:
» Updated technical and project plans, » Interactions with the environment and other

systems, and
» Team assignments and structure,
» Physical interconnectivities with interfacing
» Control mechanisms, and systems, platforms, or products.

» Required metrics for measuring progress.  Task 5. Measures of Effectiveness and
Suitability (MOE/MOS)
Enterprise constraints can include:
Identify and define systems effectiveness measures
« Management decisions from a precedinghat reflect overall customer expectations and

technical review, satisfaction. MOEs are related to how well the
system must do the customer’s mission. Key
» Enterprise general specifications, MOEs include mission performance, safety, oper-
ability, reliability, etc. MOSs are related to how
» Standards or guidelines, well the system performs in its intended environ-
ment and includes measures of supportability,

» Policies and procedures, maintainability, ease of use, etc.

» Domain technologies, and
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Task 6. System Boundaries » Biological (e.g. animal, insects, birds, fungi),
Define system boundaries including: » Time (e.g. day, night, dust), and

* Which system elements are under design cor Induced (e.g. vibration, electromagnetic, chemi-
trol of the performing activity and which fall cal).
outside of their control and,

Task 9. Life Cycle Process Concepts

» The expected interactions among system ele-
ments under design control and external andAnalyze the outputs of tasks 1-8 to define key life
or higher-level and interacting systems outsidecycle process requirements necessary to develop,
the system boundary (including open systemgroduce, test, distribute, operate, support, train,

approaches). and dispose of system products under develop-
ment. Use integrated teams representing the eight
Task 7. Interfaces primary functions. Focus should be on the cost

drivers and higher risk elements that are antici-
Define the functional and physical interfaces topated to impact supportability and affordability
external or higher-level and interacting systemsover the useful life of the system.
platforms, and/or products in quantitative terms
(include open systems approach). Functional andlask 10. Functional Requirements
physical interfaces would include mechanical, elec-
trical, thermal, data, control, procedural, and othebDefine what the system must accomplish or must
interactions. Interfaces may also be consideretle able to do. Functions identified through require-
from an internal/external perspective. Internalments analysis will be further decomposed during
interfaces are those that address elements insiflenctional analysis and allocation.
the boundaries established for the system
addressed. These interfaces are generally idenflask 11. Performance Requirements
fied and controlled by the contractor responsible
for developing the system. External interfaces, oefine the performance requirements for each
the other hand, are those which involve entityhigher level function performed by the system.
relationships outside the established boundarie®rimary focus should be placed on performance
and these are typically defined and controlled byequirements that address the MOEs, and other

the government. key performance parameters established in test
plans or identified as interest items by oversight
Task 8. Utilization Environments authorities.

Define the environments for each operationalTask 12. Modes of Operation
scenario. All environmental factors (natural or
induced) which may impact system performanceDefine the various modes of operation for the sys-
must be identified and defined. Environmentaltem products under development. Conditions (e.g.
factors include: environmental, configuration, operational, etc.)
that determine the modes of operation should be
» Weather conditions (e.g. rain, snow, sun, windjncluded in this definition.
ice, dust, fog),
Task 13. Technical Performance Measures
» Temperature ranges, (TPMs)

» Topologies (e.g. ocean, mountains, desertddentify the key indicators of system performance
plains, vegetation), that will be tracked during the design process.
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Selection of TPMs should be limited to critical Integrate Requirements:
technical thresholds and goals that, if not met, put
the project at cost, schedule, or performance risklake an integrated team approach to requirements
TPMs involve tracking the actual versus plannedietermination so that conflicts among and between
progress of key performance parameters such theequirements are resolved in ways that result in
the manager can make judgments about technicdksign requirements that are balanced in terms of
progress on a by-exception basis. To some extebbth risk and affordability.
TPM selection is phase dependent. They must be
reconsidered at each systems engineering proce¥alidate Requirements:
step and at the beginning of each phase.
During Functional Analysis and Allocation, vali-
Task 14. Physical Characteristics date that the derived functional and performance
can be traced to the operational requirements.
Identify and define required physical characteris-
tics (e.g. color, texture, size, weight, buoyancy)erify Requirements:
for the system products under development. Iden-
tify which physical characteristics are true con-» Coordinate design, manufacturing, deployment
straints and which can be changed, based on trade and test processes,
studies.
» Ensure that requirements are achievable and
Task 15. Human Factors testable,

Identify and define human factor consideratione Verify that the design-to-cost goals are

(e.g. physical space limits, climatic limits, eye achievable, and

movement, reach, ergonomics) which will affect

operation of the system products under develop~ Verify that the functional and physical archi-

ment. Identify which human systems integration tectures defined during Functional Analysis/

are constraints and which can be changed based Allocation and Synthesis meet the integrated

on trade studies. technical, cost, and schedule requirements
within acceptable levels of risk.

Follow-on Tasks

The follow-on tasks are related to the iterative
nature of the Systems Engineering Process:
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CHAPTER 5

FUNCTIONAL ANALYSIS
AND ALLOCATION

5.1 INTRODUCTION requirements. Functional Analysis and Allocation
is repeated to define successively lower-level func-
The purpose of this systems engineering procedsnal and performance requirements, thus defin-
activity is to transform the functional, performance,ing architectures at ever-increasing levels of detail.
interface and other requirements that were identiSystem requirements are allocated and defined in
fied through requirements analysis into a cohersufficient detail to provide design and verification
ent description of system functions that can be usettiteria to support the integrated system design.
to guide the Design Synthesis activity that follows.
The designer will need to know what the systenThis top-down process of translating system-level
must do, how well, and what constraints will limit requirements into detailed functional and
design flexibility. performance design criteria includes:

This is accomplished by arranging functions ine Defining the system in functional terms, then
logical sequences, decomposing higher-level decomposing the top-level functions into
functions into lower-level functions, and allocat-  subfunctions. That is, identifying at succes-
ing performance from higher- to lower-level func-  sively lower levels what actions the system has
tions. The tools used include functional flow block  to do,
diagrams and time line analysis; and the product
is a functional architecture, i.e., a description of Translating higher-level performance require-
the system—nbut in terms &inctions and perfor- ments into detailed functional and performance
mance parameters, rather than a physical description. design criteria or constraints. That is, iden-
Functional Analysis and Allocation facilitates  tifying how well the functions have to be
traceability from requirements to the solution descrip- performed,
tions that are the outcome of Design Synthesis.
* |dentifying and defining all internal and external
Functions are discrete actions (use action verbs) functional interfaces,
necessary to achieve the system’s objectives. These
functions may be stated explicitly, or they may bes Identifying functional groupings to minimize
derived from stated requirements. The functions and control interfaces (functional partitioning),
will ultimately be performed or accomplished
through use of equipment, personnel, facilitiess Determining the functional characteristics of
software, or a combination. existing or directed components in the system
and incorporating them in the analysis and
allocation,
5.2 FUNCTIONAL ANALYSIS AND
ALLOCATION » Examining all life cycle functions, including
the eight primary functions, as appropriate for
Functional and performance requirements at any the specific project,
level in the system are developed from higher-level
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» Performing trade studies to determine alternaRequirements Loop
tive functional approaches to meet requirements,
and During the performance of the Functional Analysis
and Allocation process, it is expected that revisit-
» Revisiting the requirements analysis step aing the requirements analysis process will be
necessary to resolve functional issues. necessary. This is caused by the emergence of
functional issues that will require re-examination
The objective is to identify the functional, per- of the higher-level requirements. Such issues might
formance, and interface design requirements; it include directed components or standards that

is not to design a solution...yet! cause functional conflict, identification of a revised
approach to functional sequencing, or, most likely,
Functional Partitioning a conflict caused by mutually incompatible

requirements.

Functional partitioning is the process of grouping

functions that logically fit with the components Figure 5-1 gives an overview of the basic param-
likely to be used, and to minimize functional in- eters of Functional Analysis and Allocation. The
terfaces. Partitioning is performed as part of funceutput of the process is the functional architec-
tional decomposition. It identifies logical group- ture. In its most basic form, the functional
ings of functions that enhance the use of modulaarchitecture is a simple hierarchical decomposi-
components and open-system designs. Functiontibn of the functions with associated performance
partitioning is also useful in understanding howrequirements. As the architecture definition is
existing equipment or components (includingrefined and made more specific with the perfor-
commercial) will function with or within the mance of the activities listed in Figure 5-1, the
system. functional architecture becomes more detailed and

¢ Outputs:
— Functional architecture and supporting detail

e Inputs:
— Outputs of the Requirements Analysis

« Enablers:
— Multi-discipline product teams, decision database; Tools & Models, such as QFD, Functional Flow
Block Diagrams, IDEF, N2 charts, Requirement Allocation Sheet, Timelines, Data Flow Diagrams,
State/Mode Diagrams, Behavior Diagrams

+ Controls: Controls
— Constraints; GFE, COTS, & Reusable S/W; System concept
& subsystem choices; organizational procedures
¢ Activities: ;
— Define system states and modes Functional o
— Define system functions & external interfaces Inputs * i“a'ys‘t'_sg‘ » utputs
— Define functional interfaces ocation
— Allocate performance requirements to functions

— Analyze performance
— Analyze timing and resources
— Analyze failure mode effects and criticality

— Define fault detection and recovery behavior
— Integrate functions

Enablers

Figure 5-1. Functional Analysis and Allocation
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comprehensive. These activities provide a funcs.3 FUNCTIONAL ARCHITECTURE
tional architecture with sufficient detail to support
the Design Synthesis. They are performed withThe functional architecture is a top-down decom-
the aid of traditional tools that structure the effortposition of system functional and performance
and provide documentation for traceability. Thererequirements. The architecture will show not only
are many tools available. The following are tradi-the functions that have to be performed, but also
tional tools that represent and explain the primarghe logical sequencing of the functions and
tasks of Functional Analysis and Allocation performance requirements associated with the
(several of these are defined and illustratedunctions. It also includes the functional descrip-
beginning on page 43): tion of existing and government furnished items
to be used in the system. This may require reverse
» Functional flow block diagrams that define taskengineering of these existing components.
sequences and relationships,
The functional architecture produced by the
» |IDEFO diagrams that define process and dat&unctional Analysis and Allocation process is the
flows, detailed package of documentation developed to
analyze the functions and allocate performance
» Timeline analyses that define the time sequenceequirements. It includes the functional flow block
of time critical functions, and diagrams, timeline sheets, requirements allocation
sheets, IDEFO diagrams, and all other documen-
» Requirements allocation sheets that identifytation developed to describe the functional
allocated performance and establish traceabilitgharacteristics of the system. However, there is a
of performance requirements. basic logic to the functional architecture, which in
its preliminary form is presented in the example
of Figure 5-2. The Functional Analysis and
Allocation process would normally begin with the

First Level: —
Basic Functional Perform Mission

Requirement l

Second Level: p{ Communicate —— P
Transport and
communicate '
showing as ENEER Required transport }
parallel functions . h requirements allocated

| 50 km 90 min from mission requirements
Third Level:
Showing decom- _’l
oot of the Load Start P Move | Stop Pl Unload

transport func-

tion 8 min 1 min 75 min 1 min 5 min
0 km 0 km 50 km 0 km 0 km ' |
ation:

Performance Alloc

A Simple Rule: A
Look to see if all the functions are verbs. If there is a function identified as a Performance requirements
noun, then there is a problem with the understanding of the functions. allocated to functions

Figure 5-2. FFunctional Architecture Example
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Integrated Product Team (IPT) drafting such a basie There are many tools available to support the
version of the architecture. This would generally development of a Functional Architecture, such
give the IPT an understanding of the scope and as: functional-flow block diagrams, time-line
direction of the effort. analysis sheet, requirements allocation sheet,
Integrated Definition, and others.

Functional Architecture Example

» Use of the tools illustrated in this chapter is
The Marine Corps has a requirement to transport not mandatory, but the process they represent
troops in squad-level units over a distance of 50 is:
km. Troops must be transported within 90 min-

utes from the time of arrival of the transport sys- Define task sequences and relationships

tem. Constant communication is required during (FFBD),

the transportation of troops. Figure 5-2 illustrates

a preliminary functional architecture for this simple — Define process and data flows (IDEFO
requirement. diagrams),

— Define the time sequence of time critical

5.4 SUMMARY POINTS functions (TLS), and
Functional analysis begins with the output of — Allocate performance and establish trace-
requirements analysis (that is, the identification ability of performance requirements (RAS).

of higher-level functional and performance require-
ments). Functional Analysis and Allocation con-
sists of decomposition of higher-level functions
to lower-levels and then allocation of requirements
to those functions.
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SUPPLEMENT A

FUNCTIONAL FLOW
BLOCK DIAGRAM

The purpose of the functional flow block diagrames Proper sequencing of activities and design
(FFBD) is to describe system requirements in relationships are established including critical

functional terms. design interfaces.

Objectives Characteristics

The FFBD is structured to ensure that: The FFBD is functionally oriented—not solution
oriented. The process of defining lower-level func-

» All life cycle functions are covered. tions and sequencing relationships is often referred

to as functional decomposition. It allows traceabil-

» All elements of system are identified andity vertically through the levels. It is a key step in

defined (e.g. prime equipment, training, sparedeveloping the functional architecture from which
parts, data, software, etc.). designs may be synthesized.

» System support requirements are identified td=igure 5-3 shows the flow-down structure of a set

specific system functions. of FFBDs and Figure 5-4 shows the format of an
FFBD.
Top Level
1st Level
2nd Level
I I

Figure 5-3. FFBD Traceability and Indenture
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Key FFBD Attributes Flow connection:Lines connecting functions
should only indicate function flow and not a lapse
Function block: Each function on an FFBD should in time or intermediate activity.
be separate and be represented by single box (solid
line). Each function needs to stand for definite Flow direction: Diagrams should be laid out so
finite, discrete action to be accomplished by systerthat the flow direction is generally from left to
elements. right. Arrows are often used to indicate functional
flows.
Function numbering: Each level should have a
consistent number scheme and provide informaSumming gatesA circle is used to denote a sum-
tion concerning function origin. (E.g. top level— ming gate and is used when AND/OR is present.
1.0, 2.0, 3.0, etc; first indenture (level 2)—1.1,AND is used to indicate parallel functions and all
1.2, 1.3, etc; second indenture (level 3)—1.1.1¢conditions must be satisfied to proceed. OR is used
1.1.2, 1.1.3, etc.) These numbers establish identie indicate that alternative paths can be satisfied
fication and relationships that will carry throughto proceed.
all Functional Analysis and Allocation activities
and facilitate traceability from lower to top levels. GO and NO-GO paths:G” and “bar G” are used
to denote “go” and “no-go” conditions. These sym-
Functional reference:Each diagram should con- bols are placed adjacent to lines leaving a particu-
tain a reference to other functional diagrams byar function to indicate alternative paths.
using a functional reference (box in brackets).

Abbreviations/Notes:

‘And” Gate: Parallel Function
“Or"Gate:  Alternate Function

Functional
description

Fm e e e = e e e e e e e e e e e e e e e e e e e e e e e e e e - - -
I

Ref 9.2, Provide guidance
1 3 Ref. |
| Fl.S.l
1

1See Detail Diagram

Function

number Summing §22

gate

Go flow \

921

Paral
functi

9.2.3

See Detail Diagram

ol

Alternate
functions

r
1
1
[

1

\_ |
No go flow : ZI’ entative

1

1

9.2.4

Sys
Malf.
Leader note j See Detail Diagram

function

Interface reference
block (used on first-

and lower-level b e e e e e e e e e e e e e e e e e e — - —m——————— - - a
function diagrams Flow level designat

only) ow level designator ——_ g > 1| el
ScopeNote: ___ Functional Flow Block

Title block and standard drawing number ~— ——p» Diagram Format

Figure 5-4. IFunctional Flow Block Diagrams (FFBD) Format
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SUPPLEMENT B

IDEF O

Integration Definition for Function Modeling enced to each other. The two primary modeling
(IDEFO0) is a common modeling technique for thecomponents are functions (represented on a dia-
analysis, development, re-engineering, and integram by boxes) and the data and objects that in-
gration of information systems; business processeter-relate those functions (represented by arrows).
or software engineering analysis. Where the FFBAs shown by Figure 5-5 the position at which the
is used to show the functional flow of a product,arrow attaches to a box conveys the specific role
IDEFO is used to show data flow, system controlpf the interface. The controls enter the top of the
and the functional flow of life cycle processes. box. The inputs, the data or objects acted upon by
the operation, enter the box from the left. The out-
IDEFO is capable of graphically representing aputs of the operation leave the right-hand side of
wide variety of business, manufacturing and othethe box. Mechanism arrows that provide support-
types of enterprise operations to any level of detaiing means for performing the function join (point
It provides rigorous and precise description, andip to) the bottom of the box.
promotes consistency of usage and interpretation.
Itis well-tested and proven through many years offhe IDEF process starts with the identification of
use by government and private industry. It can béhe prime function to be decomposed. This func-
generated by a variety of computer graphics toolgion is identified on a “Top Level Context Dia-
Numerous commercial products specifically sup-gram,” that defines the scope of the particular IDEF
port development and analysis of IDEFO diagramsnalysis. An example of a Top Level Context Dia-
and models. gram for an information system management pro-
cess is shown in Figure 5-6. From this diagram
IDEFO is a model that consists of a hierarchicalower level diagrams are generated. An example
series of diagrams, text, and glossary cross-refeof a derived diagram, called a “child” in IDEFO

Control

Input —— Function Name —— - Output

Function
Number

Mechanism

Figure 5-5. Integration Definition for Function Modeling (IDEF) Box Format
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terminology, for a life cycle function is shown in standard, Federal Information Processing Stan-
dards Publication 183 (FIPS 183), and the IDEF1x
standard (FPIS 184) are maintained by the Na-
An associated technique, Integration Definition fortional Institute of Standards and Technology
Information Modeling (IDEF1x,) is used to supple- (NIST).

Figure 5-7.

ment IDEFO for data intensive systems. The IDEFO

Viewpoint:

Program Charter

Issues 4> Plan New

Information

Operations ——Jp» Program

4’ Program

Plan

Program
Team

The Information Integration Assessment Team.

Purpose: The assessment, planning, and streamlining of information management

QA/A-0

Manage Information Resources

Figure 5-6. Top Level Context Diagram
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Detected or suspected malfunction, or
item is scheduled for bench-check

In-service
asset Remove
and Replaced asset
7—’- replace {[] -
Spare Reparable
asset asset
| Schedule Status records
into
—» shop
Supply
parts
Asset
Replacement (rtéefzirr()e
or original P Inspect
(repaired) or
repair 4
Assets
awgftlgg Asset
/ P (after v Completed
repair) Monitor asset >
and
route 4
—l Spare or
NRTS
AWP
Node: Title: Number:
AOF Maintain Reparable Spares (FEO) pg. 4-5

Figure 5-7. IDEF 0 Diagram Example
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SUPPLEMENT C

TIMELINE ANALYSIS
SHEETS

The timeline analysis sheet (TLS) adds detail tdunction, and design constraints. It identifies both

defining durations of various functions. It definesquantitative and qualitative performance require-

concurrency, overlapping, and sequential relationments. Initial resource requirements are identified.

ships of functions and tasks. It identifies time

critical functions that directly affect system avail- Figure 5-6 shows an example of a TLS. The time

ability, operating time, and maintenance downtimerequired to perform function 3.1 and its

It is used to identify specific time-related designsubfunctions are presented on a bar chart showing

requirements. how the timelines relate. (Function numbers match
the FFBD.)

The TLS includes purpose of function and the

detailed performance characteristics, criticality of

Function 3.1 Establish and maintain vehicle
readiness from 35 hrs to 2 hrs prior to launch.

Function Hours
Number Name 30 25 20 15 10 5 4 3 2
3.1.1 || Provide ground power #
3.1.2 || Provide vehicle air conditioning w
3.1.3 Install and connect batteries - 25
3.1.4 (| Install ordnance I
3.15 Perform stray v oltage checks and - 26
connect ordnance
3.1.6 || Load fuel tanks [
3.1.7 || Load oxidizer tanks N
3.1.8 Activate guidance system . 25
3.1.9 Establish propulsion flight pressure - 1.0
3.1.10 || Telemetry system “on” _ 25

Figure 5-8. Time Analysis Sheet
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SUPPLEMENT D

REQUIREMENTS
ALLOCATION SHEET

The Requirements Allocation Sheet documents theonnects. It is a major tool in maintaining consis-
connection between allocated functions, allocatetency between functional architectures and designs
performance and the physical system. It providethat are based on them. (Function numbers match
traceability between Functional Analysis and Al-the FFBD.)

location and Design Synthesis, and shows any dis-

Requirements Functional Flow Diagram Title and No. 2.58.4 Equipment
Allocation Sheet Provide Guidance Compartment Cooling Identification
Function Name Functional Performance and H acility [Nomen- |CI or Detail
and No. Design Requirements Rgmnts lature Spec No.
2.58.4 Provide The temperature in the guidance
Guidance compartment must be maintained at the
Compartment initial calibration temperature of +0.2 Deg F.
Cooling The initial calibration temperature of the
compartment will be between 66.5 and 68.5
Deg F.
2.58.4.1 Provide A storage capacity for 65 gal of chilled liquid
Chilled Coolant coolant (deionized water) is required. The
(Primary) temperature of the stored coolant must be

monitored continuously. The stored coolant
must be maintained within a temperature
range of 40-50 Deg F. for an indefinite
period of time. The coolant supplied must
be free of obstructive particles 0.5 micron at
all times.

A P G P NG NV

Figure 5-9. Requirements Allocation Sheet (Example)
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CHAPTER 6

DESIGN SYNTHESIS

6.1 DESIGN DEVELOPMENT and restructure hardware and software components
in such a way as to achieve a design solution cap-
Design Synthesis is the process by which conceptble of satisfying the stated requirements. During
or designs are developed based on the functionabncept development, synthesis produces system
descriptions that are the products of Functionatoncepts and establishes basic relationships
Analysis and Allocation. Design synthesis is a creamong the subsystems. During preliminary and de-
ative activity that develops a physical architecturdailed design, subsystem and component descriptions
(a set of product, system, and/or software elementgye elaborated and detailed interfaces between all
capable of performing the required functionssystem components are defined.
within the limits of the performance parameters
prescribed. Since there may be several hardwarEhe physical architecture forms the basis for design
and/or software architectures developed to satisfglefinition documentation, such as, specifications,
a given set of functional and performance requirebaselines, and work breakdown structures. Figure
ments, synthesis sets the stage for trade studies@el gives an overview of the basic parameters of
select the best among the candidate architecturethie synthesis process.
The objective of design synthesis is to combine

e OQOutputs:
— Physical Architecture (Product Elements and Software Code)

— Decision Database

e Inputs:
— Functional Architecture

¢ Enablers:
— |PTs, Decision Database, Automated Tools, Models

« Controls: Controls
— Constraints; GFE, COTS, & Reusable S/W; System concept
& subsystem choices; organizational procedures

* Activities:
— Allocate functions and constraints to system elements
— Synthesize system element_ alternatives Inputs ' Design »Outputs
— Assess technology alternatives Synthesis
— Define physical interfaces

Develop life cycle techniques and procedures
Integrate system elements
Select preferred concept/design Enablers

Define system product WBS ?

Figure 6-1. Design Synthesis
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Characteristics Connectivity refers to the relationship of internal
elements within one module to internal elements

Physical architecture is a traditional term. Despitavithin another module. High connectivity is un-

the name, it includes software elements as well agesirable in that it creates complex interfaces that

hardware elements. Among the characteristics ahay impede design, development, and testing.

the physical architecture (the primary output of

Design Synthesis) are the following: Design Loop

* The correlation with functional analysis The design loop involves revisiting the functional
requires that each physical or software compoarchitecture to verify that the physical architec-
nent meets at least one (or part of one) functure developed is consistent with the functional
tional requirement, though any component carand performance requirements. It is a mapping
meet more than one requirement, between the functional and physical architectures.

Figure 6-2 shows an example of a simple physical

» The architecture is justified by trade studies andrchitecture and how it relates to the functional
effectiveness analyses, architecture. During design synthesis, re-evalua-

tion of the functional analysis may be caused by

» A product Work Breakdown Structure (WBS) the discovery of design issues that require re-
is developed from the physical architecture, examination of the initial decomposition, perfor-

mance allocation, or even the higher-level require-

» Metrics are developed to track progress amongnents. These issues might include identification
key performance parameters, and of a promising physical solution or open-system

opportunities that have different functional

» All supporting information is documented in a characteristics than those foreseen by the initial
database. functional architecture requirements.

Modular Designs

6.2 SYNTHESIS TOOLS
Modular designs are formed by grouping compo-
nents that perform a single independent functioduring synthesis, various analytical, engineering,
or single logical task; have single entry and exitand modeling tools are used to support and docu-
points; and are separately testable. Groupingient the design effort. Analytical devices such as
related functions facilitates the search for modutrade studies support decisions to optimize physi-
lar design solutions and furthermore increases theal solutions. Requirements Allocation Sheets
possibility that open-systems approaches can b@&AS) provide traceability to the functional and
used in the product architecture. performance requirements. Simple descriptions

like the Concept Design Sheet (CDS) help visual-
Desirable attributes of the modular units includeize and communicate the system concept. Logic
low coupling, high cohesion, and low connectivity. models, such as the Schematic Block Diagram
Coupling between modules is a measure of theifSBD), establish the design and the interrelation-
interdependence, or the amount of informatiorships within the system.
shared between two modules. Decoupling mod-
ules eases development risks and makes later modiutomated engineering management tools such as
fications easier to implement. Cohesion (alsacComputer-Aided Design (CAD), Computer-Aided-
called binding) is the similarity of tasks performedSystems Engineering (CASE), and the Computer-
within the module. High cohesion is desirableAided-Engineering (CAE) can help organize,
because it allows for use of identical or like (family coordinate and document the design effort. Com-
or series) components, or for use of a singleuter-Aided Design (CAD) generates detailed
component to perform multiple functions. documentation describing the product design
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- — — — PHYSICAL ARCHITECTURE — — — —
Aircraft
|
Air Engine Communi- Nav Fire

4 Frame g cations System Control

| Function Performed

| Preflight check X X X X X

A Fly
F R Load X
H ﬁ Taxi X X X
C 'll' Take-off X X
-:_ E Cruise X X X X
o) EF' Recon X X X X
N
AU Communicate X
L R -

E

| —

Surveillance
| ll
| _

Figure 6-2. ~unctional/Physical Matrix

including SBDs, detailed drawings, three-dimen-and software parameters, permit performance

sional and solid drawings, and it tracks someredictions to be made, allow operational

technical performance measurements. CAD casequences to be derived, and permit optimum

provide significant input for virtual modeling and allocation of functional and performance require-

simulations. It also provides a common desigmments among the system elements. The traditional

database for integrated design developmentsogical prototyping used in Design Synthesis is

Computer-Aided Engineering can provide systenthe Schematic Block Diagram.

requirements and performance analysis in support

of trade studies, analysis related to the eight pri-

mary functions, and cost analyses. Computer-Aided.3 SUMMARY POINTS

Systems Engineering can provide automation of

tecmical management analyses and documentatiom. Synthesis begins with the output of Functional
Analysis and Allocation (the functional archi-

Modeling tecture). The functional architecture is trans-
formed into a physical architecture by defining

Modeling techniques allow the physical product physical components needed to perform the

to be visualized and evaluated prior to design functions identified in Functional Analysis and

decisions. Models allow optimization of hardware  Allocation.
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— Establish traceability of performance

 Many tools are available to support the
requirements to components (RAS).

development of a physical architecture:

— Define and depict the system concept (CDS)s Specifications and the product WBS are derived
from the physical architecture.

— Define and depict components and their
relationships (SBD), and
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SUPPLEMENT A

CONCEPT DESCRIPTION
SHEET

The Concept Description Sheet describes (in texse integrated to meet the performance and func-
tual or graphical form) the technical approach otional requirementst. It is generally used in early
the design concept, and shows how the system wiloncept design to show system concepts.

Missile

Steering

Missile
Tracking Target
Commands Radar

Tracking

e LNk LRI L=

T

Computer

External Command Guidance System

Figure 6-3. Concept Description Sheet Example
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SUPPLEMENT B

SCHEMATIC BLOCK
DIAGRAMS

The Schematic Block Diagram (SBD) depictssupport traceability between components and their
hardware and software components and theifunctional origin; and provide a valuable tool to
interrelationships. They are developed at succegnhance configuration control. The SBD is also
sively lower levels as analysis proceeds to defineised to develop Interface Control Documents
lower-level functions within higher-level require- (ICDs) and provides an overall understanding of
ments. These requirements are further subdivideslystem operations.

and allocated using the Requirements Allocation

Sheet (RAS). SBDs provide visibility of related A simplified SBD, Figure 6-4, shows how com-
system elements, and traceability to the RASponents and the connection between them are pre-
FFBD, and other system engineering documentssented on the diagram. An expanded version is
tion. They describe a solution to the functionalusually developed which displays the detailed
and performance requirements established by thienctions performed within each component and
functional architecture; show interfaces betweera detailed depiction of their interrelationships.
the system components and between the systeBxpanded SBDs will also identify the WBS
components and other systems or subsystemsumbers associated with the components.

| ———
Inert Gas Electrical
Pressurization | “Power | F————— -
Subsystem Subsystem | >
!_ (Ref) | Manual Controland |
$ - >| Display Subsystem I
Oxidizer Remaining Indication (Ref)
Inert Gas Pressurant —_ -
Fuel Fuel Remaining Indication T
— Storage )
Oxidizer Subsystem Attitude and
Storage Command Signals Na;ligﬁgtl)snal
Subsystem | Command Signals g
+ + Command Signals JE S
MSRV Guidance
Solenoid Solenoid | J and Navigation |
Valve Valve Command Signals I Subsystem I
Oxidi Oxidizer Fuel Re
idizer (i) (? Fuel L&
| Rocket Engine Nozzle Assemblies | - -
+ + + + Moon Station Rendezvous Vehicle
Pitch Roll Yaw  Longitudinal

Thrust  Thrust  Thrust Velocity AttitUde_ContrOI and
Increments Maneuvering Subsystem

Figure 6-4. Schematic Block Diagram Example

54



Chapter 6 Design Synthesis

SUPPLEMENT C

REQUIREMENTS ALLOCATION
SHEET

The Requirements Allocation Sheet initiated inthe Functional Analysis and Allocation and Syn-
Functional Analysis and Allocation is expandedthesis activities. It is a major tool in maintaining
in Design Synthesis to document the conneceonsistency between functional architectures and
tion between functional requirements and thehe designs that are based on them. (ClI numbers

physicalsystem. It provides traceability betweenmatch the WBS.)

Chilled Coolant
(Primary)

N P N

chilled liquid coolant (deionized
water) is required. The temperature
of the stored coolant must be
monitored continuously. The stored
coolant must be maintained within
a temperature range of 40-50 Deg
F. for an indefinite period of time.
The coolant supplied must be free
of obstructive particles 0.5 micron
at all times.

(0))]

nt Coolant
torage Subsystem

Requirements Functional Flow Diagram Title and No. 2.58.4 Equipment
Allocation Sheet Provide Guidance Compartment Cooling Identification
Function Name Functional Performance and F| acility Nomenclature ¢l or Detail
and No. Design Requirements Rgmnts Spec No.
2.58.4 Provide The temperature in the guidance Guidance Compart- B.54.5
Guidance compartment must be maintained ment Cooling
Compartment at the initial calibration tempera- System
Cooling ture of +0.2 Deg F.The initial cal-
ibration temperature of thecom-
partment will be between 66.5
and 68.5Deg F.
2.58.4.1 Provide A storage capacity for 65 gal of Glidance Compart- 3.545.1

T

Figure 6-5. Requirements Allocation Sheet (Example)

55




Systems Engineering Fundamentals Chapter 6

56



CHAPTER 7

VERIFICATION

7.1 GENERAL requirements are satisfied with acceptable levels

of risk. Further objectives include generating data
The Verification process confirms that Design(to confirm that system, subsystem, and lower level
Synthesis has resulted in a physical architecturdgems meet their specification requirements) and
that satisfies the system requirements. Verificatiovalidating technologies that will be used in system
represents the intersection of systems engineeringesign solutions.
and test and evaluation.

Verification Activities
Verification Objectives

System design solutions are verified by analysis,
The objectives of the Verification process includeexamination, demonstration, or test. Required
using established criteria to conduct verificationdefining characteristics, such as key performance
of the physical architecture (including software andparameters (KPPs) are verified by demonstration
interfaces) from the lowest level up to the total sysand test. Where total verification by test is not fea-
tem to ensure that cost, schedule, and pedaoce sible, testing is used to verify key characteristics

System Level
Design Requiremants

Subsystems

Item Level nfiguration Items

Design Requirements

Assemblies

Components

All Design Requirements Complete

SFR = System Functional Review TRR = Test Readiness Review
PDR = Preliminary Design Review SVR = System Verification Review
CDR = Critical Design Review

Figure 7-1. Design Synthesis
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and assumptions used in design analysis or sim&ommon Types of T&E in DoD

lation. Validated models and simulation tools are

included as analytical verification methods thatT&E policy requires developmental tests. They

complement other methods. The focus and natureonfirm that technical requirements have been

of verification activities change as designs progressatisfied, and independent analysis and tests verify

from concept to detailed designs to physicathe system’s operational effectiveness and suita-

products. bility. DoD T&E traditionally and by directive is
categorized as:

During earlier design stages, verification focuses

on proof of concept for system, subsystem and Developmental T&E which focuses primarily

component levels. During later stages, as the prod- on technical achievement.

uct definition effort proceeds, the focus turns to

verifying that the system meets the customer Operational T&E which focuses on operational

requirements. As shown by Figure 7-1, designis a effectiveness and suitability and includes Early

top-down process while the verification activity is ~ Operational Assessments (EOA), Operational

a bottom-up process. Components will be fabri- Assessment (OA), Initial Operational Test &

cated and tested prior to the subsystems. Sub- Evaluation (IOT&E), and Follow-On

systems will be fabricated and tested prior to the Operational Test & Evaluation (FOT&E),

completed system.
» Live Fire T&E which provides assessment of

Performance Verification the vulnerability and lethality of a system by

subjecting it to real conditions comparable to

Performance requirements must be objectively the required mission.

verifiable, i.e., the requirement must be measur-

able. Where appropriate, Technical Performancéest & Evaluation Management

Measurements (TPM) and other management

metrics are used to provide insight on progres3he program office plans and manages the test

toward meeting performance goals and requireeffort to ensure testing is timely, efficient, com-

ments. IEEE Standard P1220 provides a structungrehensive and complete—and that test results are

for Verification activity. As shown in Figure 7-2 converted into system improvements. Test plan-

the structure is comprehensive and provides a goaung will determine the effectiveness of the

starting point for Verification planning. verification process. Like all systems engineering
planning activities, careful attention to test
planning can reduce program risk. The key test

7.2 DOD TEST & EVALUATION planning document is the Test and Evaluation
Master Plan. This document lays out the objec-

DoD T&E policies and procedures directly sup-tives, schedule, and resources reflecting program

port the system engineering process of Verificaoffice and operational test organization planning

tion. Testing is the means by which objective judg-decisions. To ensure integration of this effort, the

ments are made regarding the extent to which therogram office organizes a Test Planning Work

system meets, exceeds, or fails to meet stated oBroup (TPWG) or Test Working Level IPT (WIPT)

jectives. The purpose of evaluation is to reviewto coordinate the test planning effort.

analyze, and assess data obtained from testing and

other means to aid in making systematic decisiongest Planning Work Group /Test WIPT

The purpose of DoD Test & Evaluation is to verify

technical performance, operational effectivenessThe TPWG / Test WIPT is intended to facilitate

operational suitability; and it provides essentialthe integration of test requirements and activities

information in support of decision making. through close coordination between the members
who represent the material developer, designer
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From: Synthesis
Physical Verification
Select
Verification Approach
[ [
Define, Inspection, Analysis, Define ' Establish Verification
Demo, or Test Requirements Verification Procedures Environment
I I
Conduct * Requirements Vaseline
Verification Evaluation « Functional Architecture
| |
Verify Architectural Verify Verify Satisfaction
Completeness Functional and of Constraints
Performance Measures
Identify . To:
Variance and Conflicts « Requirements Analysis
« Synthesis
Verified Physcial Y
Architectures of Verified
Life Cycle Products/Processes Physical Architecture —> To: Control
[ [
[
Verified Establish Specifications and
System Architecture Configuration Baselines
To: Control 4 Develop Product
Breakdown Structure(s)
Adapted from IEEE 1220

Figure 7-2. Verification Tasks

community, logistic community, user, operationalprovides the operational test planning for inclu-

tester, and other stakeholders in the system devedion. The TEMP is then negotiated between the
opment. The team outlines test needs based gmogram office and operational test organization.

system requirements, directs test design, detehAfter differences are resolved, it is approved at
mines needed analyses for each test, identifiesppropriate high levels in the stakeholder organi-
potential users of test results, and provides rapidations. After approval it becomes binding on man-
dissemination of test and evaluation results. agers and designers (similar to the binding nature

of the Operational Requirements Document
Test & Evaluation Master Plan (TEMP) (ORD)).

The Test and Evaluation Master Plan is a mandaFhe TEMP is a valuable Verification tool that

tory document prepared by the program office. Therovides an excellent template for technology,
operational test organization reviews it andsystem, and major subsystem level Verification
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planning. The TEMP includes a reaffirmation of Developmental Test and Evaluation efforts:

the user requirements, and to an extent, an inter-
pretation of what those requirements mean in
various operational scenarios. Part | of the required
TEMP format isSystem Introductigrwhich pro-
vides the mission description, threat assessment,
Measures of Effectiveness and Suitability, a syse
tem description, and an identification of critical
technical parameters. Part Ihtegrated Test
Program Summaryprovides an integrated test
program schedule and a description of the overa#l
test management process. PartDiyelopmental
Test & Evaluation Outlineglays out an overview

of DT&E efforts and a description of future DT&E.
Part 1V, Operational Test & Evaluation Outline

is provided by the operational test organization and
includes an OT&E overview, critical operational
issues, future OT&E description, and LFT&E
description. Part VIest & Evaluation Resource e
Summary identifies the necessary physical
resources and activity responsibilities. This last part

Identify potential operational and technologi-
cal capabilities and limitations of the alterna-
tive concepts and design options being pursued;

Support the identification of cost-performance
trade-offs by providing analyses of the
capabilities and limitations of alternatives;

Support the identification and description of
design technical risks;

Assess progress toward resolving Critical
Operational Issues, mitigating acquisition
technical risk, achieving manufacturing process
requirements and system maturity;

Assess validity of assumptions and analysis
conclusions; and

includes such items as test articles, test sites, test Provide data and analysis to certify the system

instrumentation, test support equipment, threat

ready for operational test and evaluation, live-

representation, test targets and other expendables, fire testing and other required certifications.

operational force test support, simulations, models,

test-beds, special requirements, funding, and trainingzigure 7-3 highlights some of the more signifi-
cant DT&E focus areas and where they fit in the

Key Performance Parameters

acquisition life cycle.

Every system will have a set of key performance.ive Fire Test & Evaluation

parameters (KPPs) that are the performance char-

acteristics thamustbe achieved by the design so- Live Fire Test & Evaluation (LFT&E) is performed
lution. They flow from the operational require- on any ACAT | or Il level weapon system that

ments and the resulting derived measures of efacludes features designed to provide protection
fectiveness (MOESs). They can be identified by thdo the system or its users in combat. It is conducted
user, the decision authority, or the operationabn a production configured article to provide
tester. They are documented in the Test and Evalinformation concerning potential user casualties,
ation Master Plan. vulnerabilities, and lethality. It provides data that
can establish the system’s susceptibility to attack
Developmental Test & Evaluation and performance under realistic combat conditions.
The Developmental Test & Evaluation (DT&E) Operational Test & Evaluation
verifies that the design solution meets the system
technical requirements and the system is prepargdperational Test & Evaluation (OT&E) programs
for successful OT&E. DT&E activities assessare structured to determine the operational effec-
progress toward resolving critical operationaltiveness and suitability of a system under realistic
issues, the validity of cost-performance trade-ofttonditions, and to determine if the minimum
decisions, the mitigation of acquisition technicalacceptable operational performance requirements
risk, and the achievement of system maturity.  as specified in the ORD and reflected by the KPPs
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DT&E

— Engineering completeness
— System performance

DT&E —Validate specifications
-1 —Technical compliance test
Techr!o!qu - Prgf;;(e)g éﬁCh — Qualification tests
FeaSIK_JIIIty —Technical risk
Testing — Engineering design

solutions DT&E
—Validates specifications
| | DT&E
Technology — | Simulation | :’\S/lyésdtﬁirgart)igrgcs)rmance

— Product acceptance
tudies and
S S & . - - DT&E
Analysis Requirements Production Production e —
Design i
N - N - g el — Modifications
| Simulation | | Simulation | — Alternatives
| | |
Milestone O Milestone | Milestone II Milestone Il
Mission Concept Program Defn Engineering and Production, Fiedling/
Area Exploration and Risk Reduction Manufacturing Deployment and
Analysi s and Definition Development Operational Support

Figure 7-3. DT&E During System Acquisition

have been satisfied. Operational Test & Evaluational requirements. DT&E is a program office
tion uses threat-representative forces whenevaesponsibility that is used to develop the design.
possible, and employs typical users to operate am@T&E is an independent evaluation of design
maintain the system or item under conditions simumaturity that is used to determine if the program
lating both combat stress and peacetime conditionshould proceed to full rate production. Figure 7-5
Operational tests will use production or producHists the major differences between the two.
tion-representative articles for the operational tests
that support the full-rate production decision. Live
Fire Tests are usually performed during the operaz.3 SUMMARY POINTS
tional testing period. Figure 7-4 shows the major
activities associated with operational testing and’he Verification activities of the Systems Engi-
where they fit in the DoD acquisition life cycle. neering Process are performed to verify that physi-

cal design meets the system requirements.
OT&E Differences

» DoD Test and Evaluation policy supports the
Though the overall objective of both DT&E and  verification process through a sequence of
OT&E is to verify the effectiveness and suitabil-  developmental, operational, and live-fire tests,
ity of the system, there are distinct differences in analyses, and assessments. The primary man-
their specific objects and focus. DT&E primarily  agement tools for planning and implementing
focuses on verifying system technical require- the T&E effort are the TEMP and the integrated
ments, while OT&E focuses on verifying opera-  planning team.
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Milestone O Milestone | Milestone Il Milestone il
Mission Concept Program Defn Engineering and Production, Fiedling/
Area Exploration and Risk Reduction Manufacturing Deployment and
Analysi s and Definition Development Operational Support
—Validate
Requirements
iSsi Integrated i i i — Operational
Ll g | Simutation | IOT&E utility
Area Program Onerational tlll — Independent
i Summalt — Operational utility i
S S 2 — Production validation evaluation
—Ind dent t —
naependaent assessmen IOT&E
Concept OA — Follow-on OT&E
Studies — Operational utility
—Tactics-doctrine
— Potential effectiveness personnel
— Suitability _ Interoperability
— Alternatives p——
— Independent evaluation IOT&E
— Milestone Il decision information

EOCA

— Operational aspects
—Preferred alternatives

EOA

Figure 7-4. OT&E During System Acquisition

Development Tests Operational Tests
« Controlled by program manager « Controlled by independent agency
¢ One-on-one tests ¢ Many-on-many tests
e Controlled environment ¢ Realistic/tactical environment with

. operational scenario
« Contractor environment

. . « No system contractor involvement
« Trained, experienced operators

. L « User troops recently trained
« Precise performance objectives and

threshold measurements ¢ Performance measures of operational

I effectiveness and suitability
« Test to specification

. ) . « Test to operational requirements
« Developmental, engineering, or production

representative test article « Production representative test article

Figure 7-5. DT/OT Comparison
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CHAPTER 8

SYSTEMS ENGINEERING
PROCESS OUTPUTS

1.1 DOCUMENTING REQUIREMENTS sign contractor will normally develop the levels
AND DESIGNS below these first three. Chapter 9 of this text de-
scribes the Work Breakdown Structure in more
Outputs of the systems engineering process comletail.
sist of the documents that define the system
requirements and design solution. The physicabpecifications
architecture developed through the synthesis
process is expanded to include enabling productd specification is a document that clearly and
and services to complete the system architecturaccurately describes the essential technical require-
This system level architecture then becomes thments for items, materials, or services including
reference model for further development of systhe procedures by which it can be determined that
tem requirements and documerfiystem engi- the requirements have been met. Specifications
neering process outputs include the system anlgelp avoid duplication and inconsistencies, allow
configuration item architectures, specifications,for accurate estimates of necessary work and
and baselines, and the decision database. resources, act as a negotiation and reference docu-
ment for engineering changes, provide documen-
Outputs are dependent on the level of developmentiation of configuration, and allow for consistent
They become increasingly technically detailed agommunication among those responsible for the
system definition proceeds from concept toeight primary functions of Systems Engineering.
detailed design. As each stage of system definithey provide integrated product teams a precise
tion is achieved, the information developed formddea of the problem to be solved so that they can
the input for succeeding applications of the systenefficiently design the system and estimate the cost

engineering process. of design alternatives. They provide guidance to
testers for verification (qualification) of each
Architectures: System/Configuration Item technical requirement.

The System Architecture describes the entire syfProgram-Unique Specifications

tem. Itincludes the physical architecture produced

through design synthesis and adds the enablinQuring system development a series of specifica-
products and services required for life cycletions are generated to describe the system at
employment, support, and management. MILdifferent levels of detail. These program unique
HDBK-881, Work Breakdown Structures, providesspecifications form the core of the configuration
reference models for weapon systems architecturesaselines. As shown by Figure 8-2, in addition to
As shown by Figure 8-1, MIL-HDBK-881 illus- referring to different levels within the system
trates the first three levels of typical system archihierarchy, these baselines are defined at different
tectures. Program Offices can use MIL-HDBK- phases of the design process.

881 templates during system definition to help

develop a top-level architecture tailored to thelnitially the system is described in terms of the
needs of the specific system considered. The deep-level (system) functions, performance, and
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Level 1 Aircraft System
Level 2 |
. SE/ Peculiar Common . ) Initial
v ':‘]',rl Program S)%s;‘eEm Training Data Support Support AC?{p/ St!te I'r:1du'ﬁlr|al Spares and
ez Mgmt Equipment | | Equipment BIELDN geliies Initial
Repair
Parts
Airframe DT&E Equipment  Tech Pubs Test & Testand Sys Construc-

. - Measurem't  Measurem”t  Assembly, tion/Conver- i
Propulsion OT&E Services Engrg Data Equipment  Equipment Installation sion/Expan- (Specify by
Application Software Mockups Facilities Support and sion Allowance

Data Support Support Checkout List,
System Software T&E and and Sit Equipment Grouping
c3l Support Management Handling Handling on Site Acquisiiton  or H/W
Naviqation/auid Test Data Equipment Equipment  Contractor or Mod Element)
avigation/guidance Faciliies Data Tech Support \-intenance
Central Computer Depository Site
Eire Control Construction
Data Display and Controls Site/Ship
o Vehicle
Survivability Conversion
Reconnaissance
Automatic Flight Control
Central Integrated Checkout
Antisubmarine Warfare Level 3
Armament
Weapons Delivery
Auxiliary Equipment

Figure 8-1. Example from MIL-HDBK-881

interfaces. These technical requirements ardepending on the stage of development, may reflect
derived from the operational requirements estaba “Build to” or “As built” description. The Prod-
lished by the user. This system level technicalict Baseline is documented by the Technical Data
description is documented in the System SpecifiPackage, which will include not only Item Detail
cation, which is the primary documentation of theSpecifications, but also, Process and Material
system-level Functional Baseline. The systenSpecifications, as well as drawings, parts lists, and
requirements are then flowed down (allocated) tmther information that describes the final system
the items below the system level, such that a set af full physical detail. Figure 8-3 shows how these
design criteria are established for each of thosspecifications relate to their associated baselines.
items. These item descriptions are captured in a

set of Item Performance Specifications, whichRole of Specifications

together with other interface definitions, process

descriptions, and drawings, document the Allo-Requirements documents express why the devel-
cated Baseline (sometimes referred to as thepmentis needed. Specification documents are an
“Design To” baseline). Having baselined the desigrintermediate expression of what the needed sys-
requirements for the individual items, detailedtem has to do in terms of technical requirements
design follows. Detailed design involves defining(function, performance, and interface). Design
the system from top to bottom in terms of thedocuments (drawings, associated lists, etc.)
physical entities that will be employed to satisfydescribe the means by which the design require-
the design requirements. When detailed design isients are to be satisfied. Figure 8-4 illustrates how
complete, a final baseline is defined. This is genrequirements flow down from top-level specifica-
erally referred to as the Product Baseline, andjons to design documentation. Preparation of
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System . . . Integrated and
ancept P System Definition (Functional Baseline) Quali?ied System

Requirements I

0 n
d —’ System Specification
|—>u : — : - »| SI&T
ct Preliminary Design (Allocated Baseline)
t
P
Product r |
Output o
d g .
System . Y u Performance Item Specifications } SI&T
Spec t Detail Design (Product BL)
Product T
Output
Performance Item Specs } SI&T
Material
Specs
>
Drawings
i Product
SI&T = System Integration and Text Output
Figure 8-2. Specifications & Levels of Development
Specification Content Baseline
System Defines mission/technical performance requirements. Functional
Spec Allocates requirements to functional areas and defines interfaces.
Performance Defines performance characteristics of Cls and CSCls. Allocated
Item Spec Details design requirements and with drawings and other “Design To”
documents form the Allocated Baseline.
Detail Iltem Defines form, fit, function, performance, and test requirements Product
Spec for acceptance. (Item, process, and material specs start the “Build To”
Product Baseline effort, but the final audited baseline includes or
all the items in the TDP) “As Built”
Process Defines process performed during fabrication.
Spec
Material Defines production of raw materials or semi-fabricated
Spec material used in fabrication.

Figure 8-3. Specification Types
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specifications are part of the system engineeringrchitecture, physical architecture, technical draw-
process, but also involve techniques that relate ting package, and requirements traceability.
communication skills, both legal and editorial. Enabling product baseline documents include a
Figure 8-5 provides some rules-of-thumb that il-wide range of documents that could include manu-
lustrate this. facturing plans and processes, supportability plan-

ning, supply documentation, manuals, training
In summary, specifications document what theplans and programs, test planning, deployment
system has to do, how well it has to do it, and howplanning, and others. All enabling products should

to verify it can do it. be reviewed for their susceptibility to impact from
system configuration changes. If a document is
Baselines one that describes a part of a system and could

require change if the configuration changes, then
Baselines formally document a product at somenost likely it should be included as a baseline
given level of design definition. They are refer-document.
ences for the subsequent development to follow.
Most DoD systems are developed using the threAcquisition Program Baselines
classic baselines described above: functional,
allocated, and product. Though the program uniquécquisition Program Baselines and Configuration
specifications are the dominant baseline documeraselines are related. To be accurate the Program
tation, they alone do not constitute a baseline. baseline must reflect the realities of the Configu-
ration Baseline, but the two should not be con-
Additional documents would include both end andused. Acquisition Program Baselines are high
enabling product descriptions. End productlevel assessments of program maturity and viabil-
baseline documents would normally includeity. Configuration Baselines are system descrip-
thosedescribing system requirements, functionaltions. Figure 8-6 provides additional clarification.

System
Spec

| l Performance
Item Specs

I_» Detail
Item Specs

Process
I—} MR Technical Data Package which includes:
Specs
Product Baseline . Engln(_eerlng Drawings and associated lists
Teyf N ¢ Technical manuals
Build To” Specs .
» Manufacturing part programs

* Verfication provisions
—»  Spares provisioning lists
» Specifications, those listed above plus any of the
following may be referenced,;
— Defense specs
— Commercial item descriptions
International specs
Non-government standards
Commercial standards
Etc.

Figure 8-4. How Specifications Lead to Design Documents
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« Use a table of contents and define all abbreviations and acronyms.
« Use active voice.

« Use “shall” to denote mandatory requirement and “may” or “should” to denote guidance
provisions.

« Avoid ambiguous provisions, such as “as necessary,” “contractor’'s best practice,” “smooth
finish,” and similar terms.

« Use the System Engineering Process to identify requirements. Do not over-specify.

« Avoid “tiering.” Any mandatory requirement in a document below the first tier, should be
stated in the specification.

¢ Only requirement sections of the MIL-STD-491D formats are binding. Do not put require-
ments in non-binding sections, such as Scope, Documents , or Notes.

« Data documentation requirements are specified in a Contract Data Requirements List.

Figure 8-5. Rules-of-Thumb for Specification Preparation

8.2 DOD POLICY AND PRACTICE—
SPECIFICATIONS AND STANDARDS

Decision Database

The decision database is the documentation that

supports and explains the configuration solutiorDoD uses specifications to communicate product

decisions. It includes trade studies, cost effectiverequirements and standards to provide guidance

ness analyses, QFD analysis, models, simulationspncerning proven methods and practices.

and other data generated to understand a require-

ment, develop alternative solutions, or make &pecifications

choice between them. These items are retained and

controlled as part of the Data Management proboD uses three basic classifications of specifica-

cess described in Chapter 10. tions: materiel specifications (developed by DoD
components), Program-Unique Specifications, and
non-DoD specifications.

* Program Baselines » Configuration Baselines

— Embody only the most important cost, Identify and define an item’s functional

schedule, and performance objectives
and thresholds

— Threshold breach results in re-evalua-
tion of program at MDA level

— Minimum number includes key perfor-
mance parameters in ORD

— Specifically evolves over the develop-
ment cycle and is updated at each major
milestone review or program restruc-
ture

Required on ALL programs for measuring &
reporting status

and physical characteristics

— Functional Baseline - Established
during PDRR

— Allocated Baseline - Established
during EMD

— Product Baseline - Established during
production, deployment, operations
and support

Documents outputs of SE Process

Figure 8-6. Acquisition Program Baselines and Configuration Baselines
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DoD developed specifications describe essentidPerformance Specifications
technical requirements for purchase of materiel.
Program-Unique Specifications are an integral parfPerformance Specifications state requirements in
of the system development process. Standard praterms of the required results with criteria for veri-
tice for preparation of DoD and Program-Uniquefying compliance, but without stating the meth-
specifications is guided by MIL-STD-961D. ods for achieving the required results. In general,
This standard provides guidance for the developperformance specifications define products in
ment of performance and detail specificationsterms of functions, performance, and interface
MIL- STD-961D, Appendix A provides further requirements. They define the functional require-
guidance for the development of Program-Uniquements for the item, the environment in which it
Specifications. must operate, and interface and interchangeabil-
ity characteristics. The contractor is provided the
Non-DaoD specifications and standards approvedexibility to decide how the requirements are best
for DoD use are listed in tH2oD Index of Speci- achieved, subject to the constraints imposed by

fications and StandarddoDISS.) the government, typically through interface
requirements. System Specifications and Item
DoD Policy (Specifications) Performance Specifications are examples of

performance specifications.
DoD policy is to developerformancespecifica-
tions for procurement and acquisition. In generalPetail Specifications
detail specifications are left for contractor devel-
opment and use. Use of a detail specification ietail Specifications, such as Item Detail, Mate-
DoD procurement or acquisition should be con+ial and Process Specifications, provide design
sidered only where absolutely necessary, and theequirements. This can include materials to be
only with supporting trade studies and acquisitiorused, how a requirement is to be achieved, or how
authority approval. an item is to be fabricated or constructed. If a speci-
fication contains both performance and detalil
DoD policy gives preference to the use of com+equirements, it is considered a Detail Specifica-
mercial solutions to government requirementstion, with the following exception: Interface and
rather than development of unique designs. Thereaterchangeability requirements in Performance
fore, the use of commercial item specifications andpecifications may be expressed in detailed terms.
descriptions should be a priority in system archifor example, a Performance Specification for
tecture development. Only when no commerciabhoes would specify size requirements in detailed
solution is available should government detailterms, but material or method of construction
specifications be employed. would be stated in performance terms.

In the case of re-procurement, where detail specBoftware Documentation — IEEE/EIA 12207
fications and drawings are government owned,

standardization or interface requirements mayEEE/EIA 12207 Software Life Cycle Processes
present a need for use of detailed specificationglescribes the U.S. implementation of the ISO stan-
Trade studies that reflect total ownership costs andard on software processes. This standard describes
the concerns related to all eight primary functionghe development of software specifications as one
should govern decisions concerning the type ofispect of the software development process.
specification used for re-procurement of systems,

subsystems, and configuration items. Such trad&€he process described in IEEE/EIA 12207 for
studies and cost analysis should be preformed pri@llocating requirements in a top-down fashion and
to the use of detail specifications or the decisiomocumenting the requirements at all levels paral-
to develop and use performance specifications itels the systems engineering process described in
a re-procurement. this text. The standard requires first that system-
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level requirements be allocated to software item&tandard Practice for Defense Specifications

(or configuration items) and that the software— MIL-STD-961D

requirements then be documented in terms of

functionality, performance, and interfaces, and thaThe purpose of MIL-STD-961D is to establish

gualification requirements be specified. Softwareuniform practices for specification preparation, to

item requirements must be traceable to systenmensure inclusion of essential requirements, to

level, and be consistent and verifiable. ensure Verification (qualification) methods are
established for each requirement, and to aid in the

The developer is then required to decompose eaalse and analysis of specification content. MIL-

software item into software components and thei$STD-961D establishes the format and content of

into software units that can be coded. Requirementystem, configuration item, software, process and

are allocated from item level, to component, andnaterial specifications. These Program-Unique

finally to unit level. This is the detailed design Specifications are developed through application

activity and IEEE/EIA 12207 requires that theseof the systems engineering process and represent

allocations of requirements be documented ira hierarchy as shown in Figure 8-7.

documents that are referred to as “descriptions,”

or, if the item is a “stand alone” item, as “specifi- Standards

cations.” The content of these documents is defined

in the IEEE/EIA standard; however, the level of Standards establish engineering and technical

detail required will vary by project. Each project limitations and applications for items, materials,

must therefore ensure that a common level oprocesses, methods, designs, and engineering

expectation is established among all stakeholdeysractices. They are “corporate knowledge” docu-

in the software development activity. ments describing how to do some process or a
description of a body of knowledge. Standards
come from many sources, reflecting the practices
or knowledge base of the source. Format and

System
Spec

Item Spec Software Requirements Spec
(Performance) Interface Requirements Spec

Process Item Spec Material
Spec (Detail) Spec

Software Product Spec
» Software Design Description
« Interface Design Description

Figure 8—7. Specification Hierarchy
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content of Defense Standards, including HandboD Index of Specifications and Standards
books, are governed by MIL-STD-962. Other types

of standards in use in DoD include CommercialThe Department of Defense Index of Specifica-
Standards, Corporate Standards, Internationdlons and Standards (DoDISS) lists all interna-
Standards, Federal Standards, and Federé#bnal, adopted industry standardization documents

Information Processing Standards. authorized for use by the military departments,
federal and military specifications and standards.
DoD Policy (Standards) Published in three volumes, it contains over 30,000

documents in 103 Federal Supply Groups broken
DoD policy does not require standard managememtown into 850 Federal Supply Classes. It covers
approaches or manufacturing processes othe total DoD use of specifications and standards,
contracts. This policy applies to the imposition ofranging from fuel specifications to international
both Military Specifications and Standards andguality standards.
in addition, to the imposition of Commercial and
Industry Standards. In general, the preferred
approach is to allow contractors to use industry8.3 SUMMARY POINTS
government, corporate, or company standards they
have determined to be appropriate to meet System Engineering Process Outputs include
government’s needs. The government reviews and the system/configuration item architecture,
accepts the contractor’'s approach through a specifications and baselines, and the decision
contract selection process or a contractual review database.
process.

» System/Configuration Item Architectures
The government should impose a process or include the physical architecture and the
standard only as a last resort, and only with the associated products and services.
support of an appropriate trade study analysis. If a
specific standard is imposed in a solicitation or Program-Unique specifications are a primary
contract, a waiver will be required from an output of the System Engineering Process.
appropriate Service authority. Program-Unique specifications describe what

the system or configuration item must accom-

However, there is need on occasion to direct the plish and how it will be verified. Program-
use of some standards for reasons of standardiza- Unique specifications include the System, Item
tion, interfaces, and development of open systems. Performance, and Item Detail Specifications.
A case in point is the mandated use of the Joint The System Specification describes the system
Technical Architecture (JTA) for defining requirements, while ltem Performance and ltem
interoperability standards. The JTA sets forth the Detail Specifications describe configuration
set of interface standards that are expected to be item requirements.
employed in DoD systems. The JTA is justifiably
mandatory because it promotes needed interop- Configuration baselines are used to manage and
erability standardization, establishes supportable control the technical development. Program
interface standards, and promotes the development baselines are used for measuring and supporting
of open systems. program status.

DoD technical managers should be alert to situa= The Decision Database includes those docu-
tions when directed standards are appropriate to ments or software that support understanding
their program. Decisions concerning use of and decision making during formulation of the
directed standards should be confirmed by trade configuration baselines.

studies and requirements traceability.
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DoD policy is to developerformancespecifi- ¢
cations for procurement and acquisition. Use
of other than performance specifications in a
contract must be justified and approved.

It is DoD policy not to require standard

management approaches or manufacturing
processes on contracts.
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Mandatory use of some standard practices are
necessary, but must be justified through analy-
sis. A case in point is the mandatory use of the
standards listed in the JTA.
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CHAPTER 9

WORK BREAKDOWN
STRUCTURE

9.1 INTRODUCTION is used to structure development activities, to iden-
tify data and documents, and to organize integrated

The Work Breakdown Structure (WBS) is a meangeams, and for other non-technical program

of organizing system development activities basethanagement purposes

on system and product decompositions. The sys-

tems engineering process described in earlier chaVBS Role in DoD Systems Engineering

ters produces system and product descriptions.

These product architectures, together with assocoD 5000.2-R requires that a program WBS be

ated services (e.g., program management, systerastablished to provide a framework for program

engineering, etc.) are organized and depicted in and technical planning, cost estimating, resource

hierarchical tree-like structure that is the Workallocation, performance measurement, and status

Breakdown Structure. reporting. The WBS is used to define the total
system, to display it as a product-oriented family

Because the WBS is a direct derivative of the physitree composed of hardware, software, services,

cal and systems architectures it could be considiata, and facilities, and to relate these elements to

ered an output of the systems engineering processach other and to the end product. Program offices

It is being presented here as a Systems Analysare to tailor a program WBS using the guidance

and Control tool because of its essential utility forprovided in MIL-HDBK-881.

all aspects of the systems engineering process. It

Architecture WBS WBS Elements
System System
AirVehicle 1000 Air Vehicle :
] —> ] —> 1000 Aircraft Subsystems
Aircraft Subsystems 1000 Aircraft Subsystems
l l 1610 Landing Gear
Landing Gear System 1610 Landing Gear System .

Figure 9—-1. Architecture to WBS Flow
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The program WBS is developed initially to defines Organizing risk management analysis and
the top three levels. As the program proceeds tracking.

through development and is further defined, pro-

gram managers should ensure that the WBS is Enabling configuration and data management.
extended to identify all high-cost and high-risk It helps establish interface identification and
elements for management and reporting, while control.

ensuring the contractor has complete flexibility to

extend the WBS below the reporting requirement Developing work packages for work orders and
to reflect how work will be accomplished. material/part ordering.

Basic Purposes of the WBS » Organizing technical reviews and audits.

Organizational: The WBS is used to group product items for speci-
The WBS provides a coordinated, complete, anfication development, to develop Statements of
comprehensive view of program management. IWork, and to identify specific contract deliverables.
establishes a structure for organizing system
development activities, including IPT design, WBS — Benefits
development, and maintenance.

The WBS allows the total system to be described
Business: through a logical breakout of product elements into
It provides a structure for budgets and cost estiwork packages. A WBS, correctly prepared, will
mates. It is used to organize collection and analyaccount for all program activity. It links program
sis of detailed costs for earned value reports (Costbjectives and activities with resources, facilitates
Performance Reports or Cost/Schedule Contrahitial budgets, and simplifies subsequent cost
System Criteria reporting). reporting. The WBS allows comparison of vari-

ous independent metrics and other data to look for
Technical: comprehensive trends.
The WBS establishes a structure for:

It is a foundation for all program activities,

 ldentifying products, processes, and data. including program and technical planning, event

Level 1 System
Air Vehicle
Level 2 1.0
Level 3 Air Frame Propulsion Fire Control Etc. >
1.1 1.2 1.3 1.n

Figure 9-2. Program WBS — The Product Part (Physical Architecture)
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schedule definition, configuration management;The first three Work Breakdown Structure Levels
risk management, data management, specificaticare organized as:

preparation, Statement of Work preparation, status Level 1 — Overall System

reporting and problem analysis, cost estimates, and Level 2 — Major Element (Segment)

budget formulation. Level 3 — Subordinate Components (Prime
ltems)
Levels below the first three represent component
9.2 WBS DEVELOPMENT decomposition down to the configuration item

level. In general, the government is responsible
The physical and system architectures are used for the development of the first three levels, and
prepare the WBS. The architectures should bée contractor(s) for levels below three.
reviewed to ensure that all necessary products and
services are identified, and that the top-down strud®oD Practice
ture provides a continuity of flow down for all
tasks. Enough levels must be provided to identifyn accordance with DoD Instruction 5000.2R
work packages for cost/schedule control purposeslirection and common DoD practice as established
If too few levels are identified, then managemenin MIL-HDBK-881, the program office develops
visibility and integration of work packages may a program WBS and a contract WBS for each con-
suffer. If too many levels are identified, then pro-tract. The program WBS is the WBS that repre-
gram review and control actions may becomesents the total system, i.e., the WBS that describes

excessively time-consuming. the system architecture. The contract WBS is the
: Aircraft Systems WBS
Level 1 Aircraft System (MIL_Q"DBK_%D

Level 2 |

Air SE/ System Peculiar Common Op/Site Industrial Inital

. Program Training Data Support Support ™ Spares and

Vehicle Mgmt T&E Equipment | | Equipment Activation Facilities Initial

Repair

Parts

Airframe DT&E Equipment  Tech Pubs Test & Testand Sys Construc-

; - Measurem't  Measurem’'t  Assembly, tion/Conver- .
Propulsion OT&E Services Engrg Data Equipment  Equipment  Installation sion/Expan- (Specify by
Application Software Mockups Facilities Support and sion Allowance

Data Support Support Checkout List,
System Software T&E and and Sit Equipment  Grouping
Com/identification Support Management Han_dling Han_dling on >ite Acquisition  or H/W
ation/Guid Test Data Equipment  Equipment  Contractor or Mod Element)
Navigation/Guidance Focilities Data Tech Support 1 intenance
Central Computer Depository Site
Fire Control Construction
Data Display and Controls Site/Ship
— Vehicle
Survivability Conversion
Reconnaissance
Automatic Flight Control
Central Integrated Checkout
Antisubmarine Warfare Level 3
Armament
Weapons Delivery
Auxiliary Equipment

Figure 9-3. The Complete Work Breakdown Structure
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Level 1 Fire Control
Radar Level 2
Receiver Transmitter Antenna Radar S/W Level 3

Figure 9-4. Contract WBS

part of the program WBS that relates toThe “enabling product” part of the system includes
deliverables and tasks of a specific contract. ~ the products and services required to develop,
produce, and support the end produci{k)s part
MIL-HDBK-881 is used by the program office to of the WBS includes the horizontal elements of
support the systems engineering process in develhe system architecture (exclusive of the end prod-
oping the first three levels of the program WBS,ucts), and identifies all the products and services
and to provide contractors with guidance for lowemecessary to support the life cycle needs of the
level WBS development. As with most standardgproduct. Figure 9-3 shows an example of the top
and handbooks, use of MIL-HDBK-881 cannot bethree levels of a complete WBS tree.
specified as a contract requirement.
Contract WBS
Though WBS development is a systems engineer-
ing activity, it impacts cost and budget profession-A contract WBS is developed by the program office
als, as well as contracting officers. An integratedn preparation for contracting for work required to
team representing these stakeholders should hievelop the system. It is further developed by the

formed to support WBS development. contractor after contract award. The contract WBS
is that portion of the program WBS that is specifi-
WBS Anatomy cally being tasked through the contract. A simple

example of a contract WBS derived from the
A program WBS has an end product part and aprogram WBS shown in Figure 9-2 is provided by
enabling product part. The end product part of thé&igure 9-4. Figure 9-4, like Figure 9-2, only
system typically consists of the prime missionincludes the product part of the contract WBS. A
product(s) delivered to the operational customercomplete contract WBS would include associated
This part of the WBS is based on the physicaknabling products, similar to those identified in
architectures developed from operational requireFigure 9-3. The resulting complete contract WBS
ments. It represents that part of the WBS involveds used to organize and identify contractor tasks.
in product development. Figure 9-2 presents &he program office’s preliminary version is used
simple example of a program WBS product partto develop a Statement of Work for the Request

for Proposals.
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9.3 DESIGNING AND TRACKING WORK WBS Dictionary

A prime use of the WBS is the design and trackAs part of the work and cost control use of the
ing of work. The WBS is used to establish whatWBS a Work Breakdown Dictionary is developed.
work is necessary, a logical decomposition dowrFor each WBS element a dictionary entry is pre-
to work packages, and a method for organizingared that describes the task, what costs (activi-
feedback. As shown by Figure 9-5, the WBS eleties) apply, and the references to the associated
ment is matrixed against those organizations if€ontract Line Item Numbers and Statement of
the company responsible for the task. This created/ork paragraph. An example of a level 2 WBS
cost accounts and task definition at a detailed leveklement dictionary entry is shown as Figure 9-6.
It allows rational organization of integrated teams

and other organizational structures by helping

establish what expertise and functional support i9.3 SUMMARY POINTS

required for a specific WBS element. It further

allows precise tracking of technical and otherr The WBS is an essential tool for the organiza-

management. tion and coordination of systems engineering
Work Breakdown Structure
Aircraft System
Product
[ \‘
Al rngt—l Mraining |
Ir L &St franing
Vehicle
\\
— 1 m - ro— J—.— m
Airframe Fire Propulsion
— L "> 1
Control
| \
| - 1 - \
Training
L —,—
] \
I 1 I \
o~ Receiver | | Xmtr
o Group Group
£
o)
Q
k=
(=]
c
L
Assembl Cost Cost Cost
y Account Account Account Work Packages
[
fg o Feed Horn
E 2 % Machining
© =
T 2 ——8 —— Fabrication ot ot Cost Labor
s g 5 Account Account Account Material
% (&} é Other Direct Costs
s Waveguide
Cost Cost Cost A
Set-Ups Bending
P Account Account Account
\\27,]
Q

Figure 9-5.'"WBS Control Matrix
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processes, and it is a product of the systems
engineering process.

Its importance extends beyond the technicat
community to business professionals and con-
tracting officers. The needs of all stakeholders
must be considered in its development. The pro-
gram office develops the program WBS and a
high level contract WBS for each contract. The

contractors develop the lower levels of the
contract WBS associated with their contract.

The system architecture provides the structure
for a program WBS. Statement of Work tasks
flow from this WBS.

The WBS provides a structure for organizing
IPT’s and tracking metrics.

CONTRACT NUMBER
Index Item No. 2 WBS Level 2 F33657-72-C-0923
WBS Element WBSTitle Contract
A10100 Air Vehicle Line Item:
,_ . 0001, 0001AA, 0001AB, 0001AC, 0001AD
Date Revision No. | Revision Auth  Approved Chg 0001AE. 0001AF. 0001AG. 0001AH
Specification No. |Specification Title:

Prime Item Development
Specificaiton for AGM 86A Air Vehicle/
Airframe

689E078780028

ElementTask Description

Technical Content:
The Air Vehicle element task description refers to the effort
required to develop, fabricate, integrate and test the
airframe segment, portions of the Navigatin/Guidance
element, and Airborne Development Test Equipment and
Airborne Operational Test Equipment and to the integration
assembly and check-out of these complete elements,
together with the Engine Segment, to produce the complete
Air Vehicle. The lower-level elements included and
summarized in the Air Vehicle element are:
Airframe Segment (A11100), Navigation/Guidance
Segment (A32100), Airborne Development Test
Equipment (A61100), and Airborne Operational Test
Equipment (A61200)

Cost Description

MPC/PMC Work Order/Work Auth
A10100 See lower level
WBS Elements

Cost Content — System Contractor

The cost to be accumulated against this element includes
a summarization of all costs required to plan, develop,
fabricate, assemble, integrate and perform development
testing, analysis and reporting for the air vehicle. It also
includes all costs associated with the required efforts in
integrating, assembling and checking our GFP required to
create this element.

Applicable SOW Paragraph
3.6.2

Figure 9-6. Work Breakdown Dictionary
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CONFIGURATION
MANAGEMENT

10.1 FOUNDATIONS DoD Application of

Configuration Management
Configuration Defined

During the development contract, the Government
A “configuration” consists of the functional, physi- should maintain configuration control of the
cal, and interface characteristics of existing ofunctional and performance requirements only,
planned hardware, firmware, software or a comgiving contractors responsibility for the detailed
bination thereof as set forth in technical documeneesign. (SECDEF Memo of 29 Jun 94.) This implies
tation and ultimately achieved in a product. Thegovernment control of the Function@ystem
configuration is formally expressed in relation torequirements) Baseline. Decisions regarding whether
a Functional, Allocated, or Product configurationor not the government will take control of the

baseline as described in Chapter 8. lower-level baselines (allocated and product
baselines), and when dependent on the require-
Configuration Management ments and strategies are needed for the particular

program. In general, government control of lower-
Configuration management permitse orderly level baselines, if exercised, will take place late in
development of a system, subsystem, or configuthe development program after design has stabilized.
ration Item. A good configuration management
program ensures that designs are traceable onfiguration Management Planning
requirements, that change is controlled and
documented, that interfaces are defined an@lanning a configuration management effort should
understood, and that there is consistency betweansider the basics: what has to be done, how
the product and its supporting documentationshould it be done, who should do it, when should
Configuration management provides documentait be done, and what resources are required. Plan-
tion that describes what is supposed to be praiing should include the organizational and func-
duced, what is being produced, what has beetional structure that will define the methods and
produced, and what modifications have been madegrocedures to manage system or component func-
to what was produced. tional and physical characteristics, interfaces, and
documents. It should also include statements of
Configuration management is supported andesponsibility and authority, methods of control,
performed by integrated teams in an Integratednethods of audit or verification, milestones, and
Product and Process Development (IPPD) envischedules. EIA 1S-649, National Consensus Stan-
ronment. Configuration management is closelydard for Configuration Management, and Mil-
associated with technical data management andDBK-61 can be used as planning guidance.
interface management. Data and interface manage-
ment is essential for proper configurationConfiguration Item (Cl)
management, and the configuration management
effort has to include them. A key concept that affects planning is the con-
figuration item (CI). CI decisions will determine
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what configurations will be managed. Cls are arr
aggregation of hardware, firmware, or computer
software, or any of their discrete portions, whichs

satisfies an end-use function and is designated for

Control,

Status Accounting, and

separate configuration management. Any item Audits.

required for logistic support and designated for

separate procurement is generally identified as CAIso directly associated with configuration man-
Components can be designated Cls because afjement are data management and interface
crucial interfaces or need to be integrated wittmanagement. Any configuration management
operation with other components within or out-planning effort must consider all six elements.

side of the system. An item can be designated ClI

if it is developed wholly or partially with govern- ldentification

ment funds, including non-developmental items

(NDI) if additional development of technical data Configuration Identification consists of docu-
is required. All Cls are directly traceable to thementation of formally approved baselines and

work breakdown structure.
Impact of Cl Designation .
Cl designation requires a separate configuratiom
management effort for the CI, or groupings of

related Cls. The decision to place an item, or items,
under formal configuration control results in: .
» Separate specifications,

» Formal approval of changes,

» Discrete records for configuration statuse
accounting,

» Individual design reviews and configuration

specifications, including:

Selection of the configuration items (Cl),

Determination of the types of configuration
documentation required for each Cl,

Documenting the functional and physical
characteristics of each ClI,

Establishing interface management procedures,
organization, and documentation,

Issuance of nhumbers and other identifiers
associated with the system/Cl configuration
structure, including internal and external
interfaces, and

audits,
» Distribution of CI identification and related
» Discrete identifiers and name plates, configuration documentation.

» Separate qualification testing, and Configuration Documentation

e Separate operating and user manuals. Configuration documentation is technical docu-
mentation that identifies and defines the item’s
functional and physical characteristics. It is
developed, approved, and maintained through three
distinct evolutionary increasing levels of detail. The
three levels of configuration documentation form
Configuration management comprises fourthe three baselines and are referred to as functional,
interrelated efforts: allocated, and product configuration documenta-
tion. These provide the specific technical descrip-
tion of a system or its components at any point in
time.

10.2 CONFIGURATION MANAGEMENT
STRUCTURE

« |dentification,
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Control preparatory to issue of a formal ECP. Time and
effort for the approval process can be further
Configuration Control is the systematic proposalreduced through use of joint government and
justification, prioritization, evaluation, coordina- contractor integrated teams to review and edit
tion, approval or disapproval, and implementatiorpreliminary change proposals.
of all approved changes in the configuration of a
system/Cl after formal establishment of itsECPs are identified as Class | or Class Il. Class |
baseline. In other words, it is how a system (andhanges require government approval before
its configuration items) change control process i€hanging the configuration. These changes can
executed and managed. result from problems with the baseline require-
ment, safety, interfaces, operating/servicing capa-
Configuration Control provides managementbility, preset adjustments, human interface includ-
visibility, ensures all factors associated with aing skill level, or training. Class | changes can also
proposed change are evaluated, prevents unnecé® used to upgrade already delivered systems to
sary or marginal changes, and establishes changfgee new configuration through use of retrofit, mod
priorities. In DoD it consists primarily of a change kits, and the like. Class | ECPs are also used to
process that formalizes documentation anahange contractual provisions that do not directly
provides a management structure for changempact the configuration baseline; for example,

approval. changes affecting cost, warranties, deliveries, or
data requirements. Class | ECPs require program

Change Documents Used for office approval, which is usually handled through

Government Controlled Baselines a formal Configuration Control Board, chaired by

the government program manager or delegated

There are three types of change documents useepreserstive.

to control baselines associated with government

configuration management: Engineering Changé€lass Il changes correct minor conflicts, typos,

Proposal, Request for Deviation, and Request faand other “housekeeping” changes that basically

Waivers. corrects the documentation to reflect the current

configuration. Class Il applies only if the configu-

» Engineering Change Proposals (ECP) identifyration is not changed when the documentation is
need for a permanent configuration changechanged. Class Il ECPs are usually handled by
Upon approval of an ECP a new configurationthe in-plant government representative. Class Il
is established. ECPs generally require only that the government

concurs that the change is properly classified.

» Requests for Deviation or Waiver propose adnder an initiative by the Defense Contract
temporary departure from the baseline. TheyManagement Command (DCMC), contractors are
allow for acceptance of non-conforming increasingly delegated the authority to make ECP
material. After acceptance of a deviation orclassification decisions.
waiver the documented configuration remains

unchanged. Figure 10-1 shows the key attributes associated
with ECPs. The preliminary ECP, mentioned in
Engineering Change Proposal (ECP) Figure 10-1, is a simplified version of a formal

ECP that explains the proposed ECP, and estab-
An ECP is documentation that describes andishes an approximate schedule and cost for the
suggests a change a configuration baseline. change. The expense of an ECP development is
Separate ECPs are submitted for each change thatoided if review of the Preliminary ECP indicates
has a distinct objective. To provide advanced noticéhe change is not viable. The approach used for
and reduce paperwork, Preliminary ECPs opreliminary ECPs vary in their form and name.
Advance Change/Study Notices can be use@oth Preliminary ECPs and Advanced Change/
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Classification Justification Codes
e Class | : "
« Class Il D — Correction of deficiency
S — Safety
Types B — Interface
- Preliminary C - Compatibility
* Formal O — OPS or log support
R — Cost reduction
Priorities V — Value engineering
+ Emergency P — Production stoppage
« Urgent
« Routine A — Record only

Figure 10-1. ECP Designators

Study Notices have been used to formalize thi€CB Management Philosophy
process, but it has also been tailored to use a

program-specific form. The CCB process is a configuration control pro-
cess, but it is also a contractual control process.
Configuration Control Board (CCB) Decisions made by the CCB chair affects the con-

tractual agreement and program baseline as well
A CCB is formed to review Class | ECPs for as the configuration baseline. Concerns over con-
approval, and make a recommendation to approveactual policy, program schedule, and budget can
or not approve the proposed change. The CCBasily come into conflict with concerns relating to
chair, usually the Program Manager, makes theonfiguration management, technical issues, and
final decision. Members advise and recommendiechnical activity scheduling. The CCB technical
but the authority for the decision rests with themembership and CCB secretariat is responsible
chair. CCB membership should represent the eighib provide a clear view of the technical need and
primary functions with the addition of representa-the impact of alternate solutions to these conflicts.
tion of the procurement office, program controlThe CCB secretariat is further responsible to see
(budget), and Configuration Control manager, whahat the CCB is fully informed and prepared,
serves as the CCB secretariat. including assuring that:

The CCB process is shown in Figure 10-2. The A government/contractor engineering work-

process starts with the contractor. A request to the ing group has analyzed the ECP and supporting

contractor for an ECP or Preliminary ECP is data, prepared comments for CCB consideration,

necessary to initiate a government identified and is agilable to support the CCB;

configuration change. The secretariat’s review pro-

cess includes assuring appropriate government All pertinent information is available for review;

contractual and engineering review is done prior

to receipt by the CCB. » The ECP has been reviewed by appropriate
functional activities; and
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CCB Review
CCB Secretariat Chairman (PM) Configuration
(Configuration —> User Command —> cont.rol bpard
Manager) Training Command directive

Log Command
Engineering ¢
Procurement

Program Control ; Other ;
Test |mple_m_e_nt|ng
Config Mgt activities
Safety
. . Maintenance \ 4
Engineering Change
Proposal (ECP) Contracting
Alteration in approved Officer
CM doc’s Cl or
contractural provision
Contractor
* Begins and 4 “
ends process

Figure 10-2. Configuration Control Board

» Issues have been identified and addressed. Request for Deviation or Waiver

CCB Documentation A deviation is a specific written authorization,

granted prior to manufacture of an item, to depart

Once the CCB chair makes a decision concerninffom a performance or design requirement for a

an ECP, the CCB issues a Configuration Controspecific number of units or a specific period of time.

Board Directive that distributes the decision and

identifies key information relating to the A waiver is a written authorization to accept a con-

implementation of the change: figuration item that departs from specified require-

ments, but is suitable for use “as is” or after repair.

* Implementation plan (who does what when);

Requests for deviation and waivers relate to a tem-

» Contracts affected (prime and secondary); porary baseline departure that can affect system

design and/or performance. The baseline remains

» Dates of incorporation into contracts; unchanged and the government makes a determi-

nation whether the alternative “non-conforming”

» Documentation affected (drawings, specifica-configuration results in an acceptable substitute.
tions, technical manuals, etc.), associated cosfAcceptable substitute usually implies that there
and schedule completion date; and will be no impact on support elements, systems

affected can operate effectively, and no follow-up

« |dentification of any orders or directives heededor correction is required. The Federal Acquisition
to be drafted and issued. Regulations (FAR) requires “consideration” on

government contracts when the Government
accepts a “non-conforming” unit.
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The distinction between Request for Deviation and~unctional Configuration Audits (FCA) and the

Request for a Waiver is that a deviation is use@®ystem Verification Review (SVR) are performed
beforefinal assembly of affected unit, and a waiverin the Engineering and Manufacturing Develop-
is usedafter final assembly or acceptance testingment Phase. FCA is used to verify that actual

of affected unit. performance of the configuration item meets
specification requirements. The System Verifica-
Status Accounting tion Review (SVR) serves as system level audit

after FCAs have been conducted.
Configuration Status Accounting is the recording
and reporting of the information that is needed tdrhe Physical Configuration Audit (PCA) is held
manage the configuration effectively, including: during Production, Fielding, and Operational Sup-
port as a formal examination of a production
A listing of the approved configuration representative unit against the draft technical data
documentation, package (product baseline documentation).

» The status of proposed changes, waivers anilost audits, whether FCA or PCA, are today ap-
deviations to the configuration identification, proached as a series of “rolling” reviews in which
items are progressively audited as they are pro-
« The implementation status of approvedduced such that the final FCA or PCA becomes
changes, and significantly less oppressive and disruptive to the
normal flow of program development.
» The configuration of all units, including those
in the operational inventory.
10.3 INTERFACE MANAGEMENT
Purpose of Configuration Status Accounting
Interface Management consists of identifying the
Configuration Status Accounting provides infor-interfaces, establishing working groups to man-
mation required for configuration management byage the interfaces, and the group’s development
of interface control documentation. Interface Man-
» Collecting and recording data concerning:  agement identifies, develops, and maintains the

— Baseline configurations, external and internal interfaces necessary for sys-
— Proposed changes, and tem operation. It supports the configuration man-
— Approved changes. agement effort by ensuring that configuration
decisions are made with full understanding of their
» Disseminating information concerning: impact outside of the area of the change.

— Approved configurations,
— Status and impact of proposed changes,Interface Identification
— Requirements, schedules, impact and
status of approved changes, and An interface is a functional, physical, electrical,
— Current configurations of delivered items. electronic, mechanical, hydraulic, pneumatic,
optical, software, or similar characteristic required
Audits to exist at a common boundary between two or
more systems, products, or components. Normally,
Configuration Audits are used to verify a systemin a contractual relationship the procuring agency
and its components’ conformance to their configuidentifies external interfaces, sets requirements for
ration documentation. Audits are key milestonesntegrated teams, and provides appropriate person-
in the development of the system and do not stangel for the teams. The contracted design agent or
alone. The next chapter will show how they fit inmanufacturer manages internal interfaces; plans,
the overall process of assessing design maturityorganizes, and leads design integrated teams;
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maintains internal and external interface re-= Use of well-defined, widely used, non-propri-
guirements; and controls interfaces to ensure etary interfaces or protocols based on standards
accountability and timely dissemination of developed or adopted by industry recognized
changes. standards institutions or professional societies,
and

Interface Control Working Group (ICWG)

» Explicit provision for expansion or upgrading
The ICWG is the traditional forum to establish  through the incorporation of additional or
official communications link between those higher performance elements with minimal
responsible for the design of interfacing systems impact on the system.
or components. Within the IPPD framework
ICWGs can be integrated teams that establish linkboD mandatory guidance for information technol-
age between interfacing design IPTs, or could begy standards is in the Joint Technical Architecture.
integrated into an system level engineering work-
ing group. Membership of ICWGs or comparable
integrated teams should include membership from0.4 DATA MANAGEMENT
each contractor, significant vendors, and partici-
pating government agencies. The procuringdata management documents and maintains the
program office (external and selected top-leveldatabase reflecting system life cycle decisions,
interfaces) or prime contractor (internal interfaces)nethods, feedback, metrics, and configuration

generally designates the chair. control. It directly supports the configuration status
accounting process. Data Management governs and
Interface Control Documentation (ICD) controls the selection, generation, preparation,

acquisition, and use of data imposed on contractors.
Interface Control Documentation includes Inter-
face Control Drawings, Interface Requirementdata Required By Contract
Specifications, and other documentation that
depicts physical and functional interfaces of relatedData is defined as recorded information, regard-
or co-functioning systems or components. ICD idess of form or characteristic, and includes all the
the product of ICWGs or comparable integratedadministrative, management, financial, scientific,
teams, and their purpose is to establish and maimngineering, and logistics information and docu-
tain compatibility between interfacing systems ormentation required for delivery from the contrac-
components. tor. Contractually required data is classified as one
of three types:
Open Systems Interface Standards
» Type I: Technical data
To minimize the impact of unique interface
designs, improve interoperability, maximize thes Type Il: Non-technical data
use of commercial components, and improve the
capacity for future upgrade, an open systems Type lll: One-time use data (technical or non-
approach should be a significant part of interface technical)
control planning. The open systems approach in-
volves selecting industry-recognized specification®ata is acquired for two basic purposes:
and standards to define system internal and exter-
nal interfaces. An open system is characterized by: Information feedback from the contractor for
program management control, and
* Increased use of functional partitioning and
modular design to enhance flexibility of ¢« Decision making information needed to
component choices without impact on interfaces, manage, operate, and support the system (e.qg.,
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specifications, technical manuals, engineeringtandard Data Item Descriptions on contracts, and
drawings, etc.). specify the data item with a unique tailored data
description referenced in the Contract Data
Data analysis and management is expensive arRequirements List.
time consuming. Present DoD philosophy requires
that the contractor manage and maintain signifi-
cant portions of the technical data, including thel0.5 SUMMARY POINTS
Technical Data Package (TDP). Note that this does
not mean the government isn’'t paying for itse Configuration management is essential to con-
development or shouldn'’t receive a copy for post- trol the system design throughout the life cycle.
delivery use. Minimize the TDP cost by request-
ing the contractor’s format (for example, accept+ Use of integrated teams in an IPPD environ-
ing the same drawings they use for production), mentis necessary for disciplined configuration
and asking only for details on items developed with  management of complex systems.
government funds.
» Technical data managementis essential to trace
Data Call for Government Contracts decisions and changes and to document designs,
processes and procedures.

As part of the development of an Invitation for
Bid or Request for Proposals, the program office Interface management is essential to ensure that
issues a letter that describes the planned procure- system elements are compatible in terms of
ment and asks integrated team leaders and effected form, fit and function.
functional managers to identify and justify their
data requirements for that contract. A description Three configuration baselines are managed:

of each data item needed is then developed by the  — Functional (System level)
affected teams or functional offices, and reviewed — Allocated (Design To)
by the program office. Data Item Descriptions, — Product (Build To/As Built)

located in the AMSDL (see chapter 8) can be used

for guidance in developing these descriptions. Configuration management is a shared responsi-
bility between the government and the contractor.

Concurrent with the DoD policy on specificationsCM key elements are ldentification, Control,

and standards, there is a trend to avoid use @&tatus Accounting, and Audits.
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TECHNICAL REVIEWS
AND AUDITS

1.1 PROGRESS MEASUREMENT » Establishing a common configuration baseline
from which to proceed to the next level of

The Systems Engineer measures design progress design, and

and maturity by assessing its development at key

event driven points in the development schedules Recording design decision rationale in the

The design is compared to pre-established exit decision database.

criteria for the particular event to determine if the

appropriate level of maturity has been achievedr-ormal technical reviews are proceeded by a series

These key events are generally known as Technicaf technical interchange meetings where issues,

Reviews and Audits. problems and concerns are surfaced and addressed.
The formal technical review isot the place for

A system in development proceeds through g@roblem solving, but for verifying that problem

sequence of stages as it proceeds from concept$olving has been done; it is a process rather than

finished product. These are referred to as “levelan event!

of development.” Technical Reviews are done after

each level of development to check design matutechnical Reviews Planning

rity, review technical risk, and determines whether

to proceed to the next level of development. TechPlanning for Technical Reviews must be extensive

nical Reviews reduce program risk and ease thand up-front-and-early. Important considerations

transition to production by: for planning include the following:

» Assessing the maturity of the design/e Timely and effective attention and visibility into
development effort, the activities preparing for the review,

» Clarifying design requirements, » Identification and allocation of resources
necessary to accomplish the total review effort,
» Challenging the design and related processes,
» Tailoring consistent with program risk levels,
» Checking proposed design configuration
against technical requirements, customer needs, Scheduling consistent with availability of
and system requirements, appropriate data,

» Evaluating the system configuration at differents Establishing event-driven entry and exit criteria,
stages,
* Where appropriate, conduct of incremental
» Providing a forum for communication, coor-  reviews,
dination, and integration across all disciplines
and IPTs, * Implementation by Integrated Product Teams,
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» Review of all system functions, and Planning Tip: Develop a checklist of pre-review,
review, and post-review activities required.

« Confirmation that all system elements areDevelop checklists for exit criteria and required

integrated and balanced. level of detail in design documentation. Include

key questions to be answered and what informa-

The maturity of enabling products are reviewedion must be available to facilitate the review

with their associated end product. Reviews shoulgrocess. Figure 11-1 shows the review process with

consider the testability, producibility, training, andkey activities identified.

supportability for the system, subsystem or

configuration item being addressed. Conducting Reviews

The depth of the review is a function of the com-Reviews are event-driven, meaning they are con-
plexity of the system, subsystem, or configuratiorducted when progress of the product under devel-
item being reviewed. Where design is pushingoppment merits review. Forcing a review simply
state-of-the-art technology the review will requirebased on a planned schedule that projected the
a greater depth than if it is for a commercial off-review at a planned date will jeopardize the
the-shelf item. Items, which are complex or arreview’s legitimacy.

application of new technology, will require a more

detailed scrutiny.

1 1
Before P! During P! After —Pp

Follow-up
e Track action
items and
issues
Resolve « Track action
- item completion
. * Assign trends
Review responsibility . pgcument and
o distribute
Individual and results of review
team reviews and action item
_ravi Facilitate and completions
Pre-review pace meeting
« Individual and * Eggnlﬂs review
o team reviews analyses —
Familiarize + Examine data record and
- * Analyze data classify findings
Plan | "SR s - Ay,
document issues identified
. analysis by pre-review
. Ide?tn_‘y . activity
participants « Assess severity
 Assignroles of problems
and tasks . )
; * |dentify action
« Establish items
guidelines and
procedures
 Establish and
use entry
criteria
« Establish exit
criteria based
on the event-
driven schedule

Figure 11-1. Technical Review Process
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Do the work ahead of the review event. Use thé@nly designated participants should personally
review event as a confirmation of completed ef-attend. These individuals should be those that were
fort. The data necessary to determine if the exiinvolved in the preparatory work for the review
criteria are satisfied should be distributed, anaand members of the IPTs responsible for meeting
lyzed, and analysis coordinated prior to the reviewthe event exit criteria. Participants should include
The type of information needed for a technicalrepresentation from all appropriate government
review would include: specifications, drawings,activities, contractor, subcontractors, vendors and
manuals, schedules, design and test data, tradeppliers.
studies, risk analysis, effectiveness analyses, mock
ups, breadboards, in-process and finished hardx review is the confirmation of a process. New
ware, test methods, technical plans (Manufacturitems should not come up at the review. If signifi-
ing, Test, Support, Training), and trend (metrics)cant items do emerge, it's a clear sign the review
data. Reviews should be brief and follow a preis being held prematurely, and project risk has
pared agenda based on the pre-review analysis.just increased significantly. A poorly orchestrated
and performed technical review is a significant
indicator of management problems.

Previous DoD EIA 1S-632 IEEE P1220

(Old MIL-STD-1521B)

Alternative Systems Review Alternative Concept Review
(ASR) (ACR)

System Req't Review (SRR) System Req't Review (SRR)

System Design Review (SDR) System Functional Review (SFR) System Definition Review (SDR)

Software Spec Review (SSR) SSR

Preliminary Design Review Preliminary Design Review
(PDR) (PDR)

Subsystem, System PDR

Critical Design Review (CDR) Critical Design Review (CDR) Component, Subsystem, System

Detail Design Review (DDR)

Test Readiness Review (TRR) TRR Component, Subsystem, System

TRR

Production Readiness Reviews Component, Subsystem, System
(PRR) Production Approval Reviews
(PAR)

Formal Qualification Review Functional Configuration

(FQR)

Audit (FCA)

Functional Configuration Audit
(FCA) - Replaced by MIL-STD-973

System Verification Review
(SVR) — Replaced FQR & PRR

bmponent, Subsystem, System
FCA

Physical Configuration Review
(PCA) - Replaced by MIL-STD-973

System Physical Configuraiton
Review (PCA)

mponent, Subsystem, System
PCA

Table 11-2. Technical Reviews Comparison
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Action items resulting from the review are docu-Phasing of Technical Reviews

mented and tracked. These items, identified by

specific nomenclature and due dates, are prepardeéchnical Reviews and Audits are placed at

and distributed as soon as possible after the reviestrategic event-driven points throughout the devel-

The action taken is tracked and results distributedpment process, and passage is governed by exit

as items are completed. criteria. In general they represent a point where
there is a transition in design focus or phase. Figure
11-3 shows the major reviews and audits and how

11.2 TECHNICAL REVIEWS they fit into the development process.

Technical reviews have various names, the mogtlternative Systems/Concept Review

common of which are those identified in the major(ASR/ACR)

Systems Engineering related standards, as shown

on table 11-2. The names used in reference tAfter the concept studies are complete a preferred
reviews is unimportant; however, it is importantsystem concept is identified. The associated draft
that reviews be held at appropriate points in proSystem Work Breakdown Structure, preliminary
gram development and that both the contractor anfdinctional baseline, and draft system specification
government have common expectations regardinig reviewed to determine feasibility and risk. This

the content and outcomes. review is conducted late during the Concept
o . System Specification (formerly the A spec)
Specifications - Z - - .-
Program-Unique Item Performance Spec (formerly the B Spec)

Specifications " = ———

Item Detail (C), Process (D)

! and Material (E) Specification
. & & 7 |

A

Functional (System) Baseline
N

Configuration

Baselines ) )
Allocated (Design-To) Baseline
N BN BN BN N N N N N N
Product (Build-To) Baseline
Major Technical L e
Reviews & Audits .
Traditional (MS-1521B) SRR SSR PDR CDR TRR FCA  PCA
A SDR
EIA/IS-632 Reviews ASR SRR SFR PDR CDR TRR SVR/  PCA
FCAs
IEEE P1220 Reviews ACR SDefR PDR DDR PARs FCAs  PCAs

Figure 11-3. Phasing of Technical Reviews
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Exploration phase to show that the preferred
system concept:

Draft System Specification and any initial draft
Performance Item Specifications,

» Provides a cost effective, operationally effectives
and suitable solution to identified needs,

System Engineering Planning,

» Test and Evaluation Master Plan,
» Meets established affordability criteria, and
e Draft top-level Technical Performance
» Can be developed to provide a timely solution Measurement, and
to the need at an acceptable level of risk.
» System design documentation (layout draw-
ings, conceptual design drawings, selected
supplier components data, etc.).

The findings of this review are a significant input
to the information presented at Milestone |.
System Requirements Review (SRR) System Design/Definition/Functional
Review (SDR/SFR)
At the beginning of the Program Definition and
Risk Reduction phase (PDRR), the process begina PDRR, once most of the effort involved in
to define the system and ensure that the technaotystem definition is complete, and the System
ogy is available to design and produce it. The initiaSpecification is ready to be put under formal
requirements analysis will drive the rest of thecontrol, then it's time to review Systems Engi-
development. Therefore, it is appropriate to reviewneering Process outputs relating to the func-
this analysis to determine if it is complete, com-tional and allocated baselines. Most importantly,
prehensive, unambiguous, and free of conflict. Théhe system technical description (Functional
review will consolidate the technical position of Baseline) must be approved as the governing
what is necessary to establish a workable antechnical requirement before proceeding to
achievable system description based on review arfdirther technical development. The System
interpretation of requirements, available resourcesspecification must be completéalsupport the
and available technology. decision to begin engineering development
(Milestone II).
The SRR is performed either in late Concept
Exploration or early PDRR phase. The objectiveAs a result of this review, the System Specifica-
is to review and evaluate the draft functionaltion will be confirmed to describe the system
baseline and requirements analysis. All relevantequirements, and the government will normally
documentation should be reviewed, including: assume control of the Functional Baseline. At a
minimum, the review should include assessment
» Feasibility Analysis (results of technology of the following items:
assessments and trade studies to justify system
design approach), » Functional Analysis and Allocation of require-
ments to items below system level,
» System Operational Requirements,
» System Specification,
» System Maintenance Concept,

Functional Analysis (top level block diagrams),

Significant system design criteria (reliability,
maintainability, logistics requirements, etc.),
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» \Verification that the risks associated with thefunctions, performance, and interface requirements
system design are at acceptable levels fothat will govern design of the items below system
engineering development, level. Following the PDR, this preliminary design

(Allocated Baseline) will be put under formal

» \Verification that the design selections have beewonfiguration control [usually] by the contrac-
optimized through appropriate trade studytor. The Item Performance Specifications, which
analyses, form the core of the Allocated Baseline, will be

confirmed to repgsent a design that meets the

» Analyses, reports, “-ility” predictions, logistics System Specification.
support analysis data, and design documenta-
tion, This review is performed early in the Engineering

and Manufacturing Development phase. Reviews

» Technical Performance Measurement data andre held for configuration items (CIs), or groups
analysis, and of related Cls, prior to a system-level PDR. Item

Performance Specifications are put under configu-

» Associated enabling product plans (“-ility” ration control. (Latest DoD practice is for contrac-

planning, management plans, human factorsors to maintain configuration control over ltem

management plans, etc.). Performance Specifications, while the govern-
ment exercises requirements control at the system
Software Specification Review (SSR) level.) At aminimum, the review should include

assessment of the following items:
To prepare for PDR, software issues are examined
and consolidated prior to establishing the Allocated Item Performance Specifications,
Baseline. This review is performed early in the
Engineering and Manufacturing Developmente Draft Item Detail, Process, and Material
phase, prior to a system-level PDR. The objective Specifications,
is to:
» Design data-defining major subsystems,
* Review and evaluate the maturity of software equipment, software, and other system
requirements, elements,

» Validate software-related Item Performances Analyses, reports, “-ility” analyses, trade stud-
Specifications, ies, logistics support analysis data, and design
documentation,
» Establish software specific requirements to be
included in allocated baseline, » Technical Performance Measurement data and
analysis,
» Examine Software Requirements and Interface
Requirements Specifications, and » Engineering breadboards, laboratory models,
test models, mockups, and prototypes used to
» Examine the Operations Concept Document.  support the design, and

Preliminary Design Review (PDR) » Supplier data describing specific components.

Using the Functional Baseline, especially the SysfRough Rule of Thumb: ~15% of production

tem Specification, as a governing requirement, @rawings are released by PDR. This rule is
preliminary design is expressed in terms of desiganecdotal and only guidance relating to an
requirements for subsystems and configuratiofaverage” defense hardware program.]

items. This preliminary design sets forth the
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Critical/Detail Design Review (CDR/DDR) of reviews is held to determine if production
preparation for the system, subsystems, and con-
Before starting to build the production line therefiguration items is complete, comprehensive, and
needs to be verification and formalization of thecoordinated. PRRs are necessary to determine the
mutual understanding of the details of the itenreadiness for production prior to executing a
being produced. Performed during the Engineerproduction go-ahead decision. They will formally
ing and Manufacturing Development phase, thiexamine the producibility of the production design,
review evaluates the draft Production Baselinghe control over the projected production processes,
(“Build To” documentation) to determine if the and adequacy of resources necessary to execute
system designh documentation (Product Baselinggroduction. Manufacturing risk is evaluated in
Item Detail Specs, Material Specs, Process Specslationship to product and manufacturing process
is satisfactory to start initial manufacturing. This performance, cost, and schedule. These reviews
review includes the evaluation of all configurationsupport acquisition decisions to proceed to Low-
items. It includes a series of reviews conductedRate Initial Production or Full-Rate Production.
for each hardware CI before release of design to
fabrication, and each Computer Software Cl befunctional Configuration Audit/ System
fore final coding and testing. Additionally, test Verification Review (FCA)/(SVR)
plans are reviewed to assess if test efforts are de-
veloping sufficiently to indicate the Test Readi- This series of audits and the consolidating Sys-
ness Review will be successful. The approved dagem Verification Review re-examines and verifies
tail design serves as the basis for final productiothe customer’s needs, and the relationship of these
planning and initiates the development of finalneeds to the system and subsystem technical per-
software code. formance descriptions (Functional and Allocated
Baselines). They determine if the system produced
[Rough Rule of Thumb: At CDR the design (including production representative prototypes or
should be ~ 85% complete. Many programs useLRIP units) is capable of meeting the technical
drawing release as a metric for measuring designperformance requirements established in the
completion. This rule is anecdotal and only guid- specifications, test plans, etc. The technical assess-
ance relating to an “average” defense hardware ments and decisions that are made in SVR will be
program.] presented to support the Milestone Il full rate
production go-ahead decision. Among the issues
Test Readiness Review (TRR) addressed:
Performed late in the Engineering and Manuface Readiness issues for continuing design, con-
turing Development phase (after CDR), the Test tinuing verifications, production, training,
Readiness Review assesses test objectives, proce-deployment, operations, support, and disposal
dures, and resources testing coordination. Origi- have been resolved,
nally developed as a software Cl review, this review

is increasingly applied to both hardware and softs
ware items. The TRR determines the complete-
ness of test procedures and their compliance with
test plans and descriptions. Completion coincides
with the initiation offormal CI testing.

Production Readiness/Approval
Reviews (PRR/PAR)

Performed incrementally during the Engineeringe
and Manufacturing Development phase, this series
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» Critical achievements, success criteria andhormal for the phase, for example, where a previ-
metrics have been established for production.ous cancelled program or an Advanced Technical
Concept Demonstration (ACTD) has provided a
Physical Configuration Audit (PCA) significant level of technical development appli-
cable to the current program. In some cases this
After full rate production has been approvedwill precipitate the merging or even elimination
follow-on independent verification (FOT&E) has of acquisition phases. This does not justify elimi-
identified the changes the user requires, and thosetion of the technical management activities
changes have been corrected on the baseline dogrouped under the general heading of systems
ments and the production line, then it is time taanalysis and control, nor does it relieve the gov-
ensure that the product and the product baselinernment program manager of the responsibility to
correspond. This audit will formalize the Productsee that these disciplines are enforced. It does,
Baseline, including specifications and the technihowever, highlight the need for flexibility and
cal data package, so that future changes can ontgiloring to the specific needs of the program under
be made through full configuration managementievelopment.
procedures. Fundamentally, the PCA verifies the
product (as built) is consistent with all baselineFor example, a DoD acquisition strategy that
documentation, including the Technical Data Packproposes a combined Milestone I/ll may skip a
age which describes the Product Baseline. The finahilestone, but it must not skip the formulation of
PCA confirms: an appropriate Functional Baseline and the equiva-
lent of an SFR to support the combined milestone.
 The subsystem and ClI PCAs have beemor should it skip the formulation of the Allo-
successfully completed, cated Baseline and the equivalent of a PDR, and
the formulation of the Product Baseline and the
» The integrated decision data base is valid andquivalent of a CDR after the milestone decision.
represents the product,
Baselines must be developed sequentially because
» All items have been baselined, they document different levels or types of detail
and must build on each other. However, the
 Changes to previous baselines have beeassessment of design and development maturity
completed, can be tailored as appropriate for the particular
system. Tailored efforts still have to deal with
» Testing deficiencies have been resolved anthe problem of determining when the design
appropriate changes implemented, and maturity should be assessed, and how these
assessments wibBupport the formulation and
e System processes are current and can bmntrol of baselines.
executed.
In tailoring efforts, be extremely careful determin-
The PCA is a configuration management activitying the level of system complexity. The system
and is conducted following procedures establishethtegration effort, the development of a single,
in the Configuration Management Plan. advanced technology or complex sub-component,
or the need for intensive software development may
be sufficient to establish the total system as a com-
11.3 TAILORING plex project, even though it appears simple because
most subsystems are simple or off-the-shelf.
The reviews laid out above are based on a com-
plex system development project requiring signifi-
cant technical evolution. There are also cases where
system technical maturity is more advanced than
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Technical Reviews and Audits

11.4 SUMMARY POINTS .

Each level of product development is evaluated
and progress is controlled by specification
development (System, Item Performance, Item
Detail, Process, and Material specifications) and
technical reviews and audits (ASR, SRR, SDR¢
SSR, PDR, CDR, TRR, PRR, FCA, SVR,
PCA).

Technical reviews assess development matur-
ity, risk, and cost/schedule effectiveness to
determine readiness to proceed.

Reviews must be planned, managed, and fol-

lowed up to be effective as an analysis-and-
control tool.
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As the system progresses through the develop-
ment effort, the nature of design reviews and
audits will parallel the technical effort. Initially
they will focus on requirements and functions,
and later become very product focused.

After system level reviews establish the Func-
tional Baseline, technical reviews tend to be
subsystem and CI focused until late in devel-
opment when the focus again turns to the sys-
tem level to determine the system’s readiness
for production.
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CHAPTER 12

TRADE STUDIES

12.1 MAKING CHOICES Systems Engineering Process
and Trade Studies
Trade Studies are a formal decision making
methodology used by integrated teams to mak&rade studies are required to support decisions
choices and resolve conflicts during the systemghroughout the systems engineering process.
engineering process. Good trade study analysd3uring requirements analysis, requirements are
demand the participation of the integrated teambalanced against other requirements or constraints,
otherwise, the solution reached may be based dncluding cost. Requirements analysis trade stud-
unwarranted assumptions or may reflect thdes examine and analyze alternative performance
omission of important data. and functional requirements to resolve conflicts
and satisfy customer needs.
Trade studies identify desirable and practical
alternatives among requirements, technical objeduring functional analysis and allocation, func-
tives, design, program schedule, functional andions are balanced with interface requirements,
performance requirements, and life cycle costs ardictated equipment, functional partitioning,
identified and conducted. Choices are then madeequirements flowdown, and configuration items
using a defined set of criteria. Trade studies ardesignation considerations. Trade studies are
defined, conducted, and documented at the vartonducted within and across functions to:
ous levels of the functional or physical architec-
ture in enough detail to support decision making Support functional analyses and allocation
and lead to a balanced system solution. The level of performance requirements and design
of detail of any trade study needs to be commen- constraints,
surate with cost, schedule, performance, and risk
impacts. » Define a preferred set of performance require-
ments satisfying identified functional interfaces,
Both formal and informal trade studies are
conducted in any systems engineering activitys Determine performance requirements for lower-
Formal trade studies tend to be those that will be level functions when higher-level performance
used in formal decision forums, e.g., milestone and functional requirements cannot be readily
decisions. These are typically well-documented resolved to the lower-level, and
and become a part of the decision data base nor-
mal to systems development. On the other hand, Evaluate alternative functional architectures.
engineering choices at every level involve trade-
offs and decisions that parallel the trade studyuring design synthesis, trade studies are used to
process. Most of these less formal studies are docevaluate alternative solutions to optimize cost,
mented in summary detail only, but they areschedule, performance, and risk. Trade studies are
important in that they define the design as itconducted during synthesis to:
evolves.
» Support decisions for new product and process
developments versus non-developmental
products and processes,
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Establish system, subsystem, and componeraddition, there must be an agreed upon approach
configurations; to measuring alternatives against the criteria. If
these principles are followed, the trade study
Assist in selecting system concepts, designsshould produce decisions that are rational, objec-
and solutions (including people, parts, andtiive, and repeatable. Finally, trade study results
materials availability); must be such that they can be easily communi-
cated to customers and decision makers. If the
Support materials selection and make-or-buyresults of a trade study are too complex to com-
process, rate, and location decisions; municate with ease, it is unlikely that the process
will result in timely decisions.
Examine proposed changes;
Trade Study Process
Examine alternative technologies to satisfy
functional or design requirements including As shown by Figure 12-1, the process of trade-off
alternatives for moderate- to high-risk analysis consists of defining the problem, bound-
technologies; ing the problem, establishing a trade-off method-
ology (to include the establishment of decision
Evaluate environmental and cost impacts otriteria), selecting alternative solutions, determin-
materials and processes; ing the key characteristics of each alternative,
evaluating the alternatives, and choosing a solution:
Evaluate alternative physical architectures to

select preferred products and processes; ande

Select standard components, techniques,
services, and facilities that reduce system life
cycle cost and meet system effectiveness
requirements.

During Concept Exploration and functional

baseline development (CED and PDRR) trade
studies are used to examine alternative system level
concepts and scenarios to help establish the sys-

tem configuration. During allocated and product

baseline developments (EMD) trade studies
examine lower-level system segments, subsystems,
and end items to assist in selecting component
part designs. Performance, cost, safety, reliabile
ity, risk, and other effectiveness measures must
be traded agjnst each other and against physical

characteristics.

12.2 TRADE STUDY BASICS

Defining the problem entails developing a
problem statement including any constraints.
Problem definition should be done with extreme
care. After all, if you don’t have the right
problem, you won't get the right answer.

Bounding and understanding the problem
requires identification of system requirements
that apply to the study conflicts between desired
characteristics of the product or process being
studied, and the limitations of available data.
Available databases should be identified that
can provide relevant, historical “actual”
information to support evaluation decisions.

Establishing the methodology includes
choosing the mathematical method of compari-
son, developing and quantifying the criteria
used for comparison, and determining weight-
ing factors (if any). Use of appropriate models
and methodology will dictate the rationality,
objectivity, and repeatability of the study.
Experience has shown that this step can be

Trade studies (trade-off analyses) are processes thateasily abused through both ignorance and
examine viable alternatives to determine which is design. To the extent possible the chosen meth-
preferred. It is important that there be criteria odology should compare alternatives based on
established that are acceptable to all members of true value to the customer and developer. Trade-
the integrated team as a basis for a decision. In off relationships should be relevant and rational.
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Trade Studies

Establish the study problem

* Develop a problem statement

« Identify requirements and con-
straints

« Establish analysis level of detall

Review inputs

¢ Check requirements and con-
straints for completeness and
conflicts

« Develop customer-team com-

v

Select and setup methodology

¢ Choose trade-off methodology

» Develop and quantify criteria,
including weights where
appropriate

Analyze results

¢ Calculate relative value based
on chosen methodology
Evaluate alternatives

Perform sensitivity analysis
Select preferred alternative
Re-evaluate results

munication

Identify and select alternatives

 Identify alternatives
¢ Select viable candidates for study

!

Measure performance

* Develop models and measure-
ments of merit

» Develop values for viable
candidates

>

Document process and results

Figure 12-1. Trade Study Process

Choice of utility or weights should answer the
guestion, “What is the actual value of the increased
performance, based on what rationale?”

Selecting alternative solutions requires identi-
fication of all the potential ways of solving the
problem and selecting those that appear viable.
The number of alternatives can drive the cost
of analysis, so alternatives should normally be
limited to clearly viable choices.

Determining the key characteristics entails
deriving the data required by the study
methodology for each alternative.

performance of a sensitivity analysis, selection
of a preferred alternative, and a re-evaluation
(sanity check) of the alternatives and the study
process. Since weighting factors and some
“quantified” data can have arbitrary aspects, the
sensitivity analysis is crucial. If the solution
can be changed with relatively minor changes
in data input, the study is probably invalid, and
the methodology should be reviewed and
revised. After the above tasks are complete, a
solution is chosen, documented, and recorded
in the database.

Cost Effectiveness Analyses

Evaluating the alternatives is the analysis parCost effectiveness analyses are a special case
of the study. It includes the development of atradestudy that compares system or component
trade-off matrix to compare the alternatives,performance to its cost. These analyses help
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determine affordability and relative values of 12.3 SUMMARY POINTS
alternate solutions. Specifically, they are used to:
» The purpose of trade studies is to make better
» Support identification of affordable, cost opti- and more informed decisions in selecting best
mized mission and performance requirements. alternative solutions.

» Support the allocation of performance to ane Initial trade studies focus on alternative sys-
optimum functional structure. tem concepts and requirements. Later studies
assist in selecting component part designs.
» Provide criteria for the selection of alternative
solutions. » Cost effectiveness analyses provide assessments
of alternative solution performance relative to
» Provide analytic confirmation that designs cost.
satisfy customer requirements within cost
constraints.

e Support product and process verification.
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SUPPLEMENT A

UTILITY CURVE
METHODOLOGY

The utility curve is a common methodology usedto establish weighting factors for each decision
in DoD and industry to perform trade-off analy- factor. The weighting factors prioritize the deci-
sis. In DoD it is widely used for cost effectivenesssion factors and allow direct comparison between

analysis and proposal evaluation. them. A decision matrix, similar to Figure 12-3,
is generated to evaluate the relative value of the
Utility Curve alternative solutions. In the case of Figure 12-3,

range is given a weight of 2.0; speed a weight of
The method uses a utility curve, Figure 12-2, forl.0; and payload a weight of 2.5. The utility values
each of the decision factors to normalize them tdor each of the decision factors are multiplied by
ease comparison. This method establishes the appropriate weight. The weighted values for
relative value of the factor as it increases from theach alternative solution are added to obtain a to-
minimum value of the range. The curve shows dal score for each solution. The solution with the
constant value relationship (straight line), increashighest score becomes the preferred solution. For
ing value (concave curve), decreasing valuehe transport analysis of Figure 12-3 the apparent
(convex curve), or a stepped value. preferred solution is System 3.

Decision Matrix Sensitivity

Each of the decision factors will also have relativeFigure 12-3 also illustrates a problem with the util-
value between them. These relative values are uség curve method. Both the utility curve and

1.0
Utility —— Step Function
[~ Continuous
0.0 Relationship

Threshold Goal

Decision Factor
(e.g., speed, cost, reliability, etc.)

Figure 12-2. Utility Curve
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weighting factors contain a degree of judgementhan originally stated, then System 4 may become
that can vary between evaluators. Figure 12-2 clear winner.

shows three systems clustered around 3.8, indi-

cating that a small variation in the utility curve or Notes

weighting factor could change the results. In the

case of Figure 12-3, a sensitivity analysis shoul&hen developing or adjusting utility curves and
be performed to determine how solutions chang&eighting factors, communication with the cus-
as utility and weighting change. This will guide tomers and decision-makers is essential. Most sen-
the evaluator in determining how to adjust evaluasitivity problems are not as blatant as Figure 12-3.
tion criteria to eliminate the problem'’s sensitivity Sensitivity need not be apparent in the alternatives’
to small changes. In the case of Figure 12-3 th&otal score. To ensure study viability, sensitivity
solution could be as simple as re-evaluatingnalysis should always be done to examine the
weighting factors to express better the true valueonsequences of methodology choice. (Most de-
to the customer. For example, if the value of rangeision support software provides a sensitivity
is considered to be less and payload worth moranalysis feature.)

Decision Factors Range Speed Payload
Wt. = 2.0 Wt. = 1.0 Wt. = 1.5 Weighted
Total

Alternatives U W U w U w

Transport System 1 .8 1.6 7 v .6 1.5 3.8
Transport System 2 v 1.4 9 9 A4 1.0 3.3
Transport System 3 .6 1.2 7 v .8 2.0 3.9
Transport System 4 5 1.0 5 5 9 22.5 375
Key: U = Utility value

W = Weighted value

Figure 12-3. Sample Decision Matrix

104



CHAPTER 13

MODELING AND
SIMULATION

13.1 INTRODUCTION represents those products or processes in readily
available and operationally valid environments.

A model is a physical, mathematical or logicalUse of models and simulations can reduce the cost

representation of a system entity, phenomenon, @nd risk of life cycle activities. As shown by Figure

process. A simulation is the implementation of al3-1 the advantages are significant through out the

model over time. A simulation brings a model tolife cycle.

life and shows how a particular object or phenom-

enon will behave. It is useful for testing, analysisModeling, Simulation, and Acquisition

or training where real-world systems or concepts

can be represented by a model. Modeling and simulation has become a very
important tool across all acquisition cycle phases

Modeling and simulation (M&S) provides virtual and all applications: requirements definition;

duplication of products and processes, anghrogram management; design and engineering;

Prove System Need:
Use existing high resolution
models to emulate

$ Savings operational situation
Shortens
Smooth Transition to Operation Need Schedules
» Manual proven
» Trained personnel
. Opgrationa_lly r_eady before Test“concepts”in the “real
equipment is given to world” of simulation using
operators Prod- simple models and putting
Deploy- Concepts operators into process
O&S
Saves Time Improves IPPD
Detall Prelim
Design Design
Reduce Program Risks
* Design. Helps Refine Requirements
* Integration : « Getthe user involved
« Transition to production « Prevent gold-plating
* Testing

Sometimes it's the only way
to verify or validate

Figure 13-1. Advantages of Modeling and Simulation
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efficient test planning; result prediction; supple-ated environment. A virtual prototype is a com-

ment to actual test and evaluation; manufacturingputer-based simulation of a system or subsystem

and logistics support. With so many opportunitieswith a degree of functional realism that is compa-
to use M&S, its four major benefits; cost savingsyable to that of a physical prototype.

accelerated schedule, improved product quality and

cost avoidance can be achieved in any syster@onstructive Simulations

development when appropriately applied. DoD and

industry around the world have recognized thes@he purpose of systems engineering is to develop

opportunities, and many are taking advantage adescriptions of system solutions. Accordingly,

the increasing capabilities of computer and infor-constructive simulations are important products in
mation technology. M&S is now capable of all key system engineering tasks and activities. Of
prototyping full systems, networks, interconnect-special interest to the systems engineer are com-
ing multiple systems and their simulators so thaputer-aided engineering tools. Computer-aided
simulation technology is moving in every directiontools can allow more in-depth and complete analy-
conceivable. sis of system requirements early in design. They
can provide improved communication because
data can be disseminated rapidly to several

13.2 CLASSES OF SIMULATIONS individuals concurrently, and because design

changes can bmcorporated and distributed

The three classes of models and simulations amexpeditiously. Key computer-aided engineering

virtual, constructive, and live: tools are Computer-Aided Design, Computer-

Aided Engineering, Computer-Aided Manufactur-

e Virtual simulations represent systems bothing, Continuous Acquisition and Life Cycle Sup-
physically and electronically. Examples are air-port, and Computer-Aided Systems Engineering:
craft trainers, the Navy's Battle Force Tactical
Trainer, Close Combat Tactical Trainer, andComputer-Aided Design (CAD)XCAD tools are
built-in training. used to describe the product electronically to

facilitate and support design decisions. It can

» Constructive simulations represent a systemmodel diverse aspects of the system such as how
and its employment. They include computercomponents can be laid out on electrical/electronic
models, analytic tools, mockups, IDEF, Flow circuit boards, how piping or conduit is routed, or
Diagrams, and CAD/CAM. how diagnostics will be performed. It is used to

lay out systems or components for sizing, posi-

» Live simulations are simulated operations withtioning, and space allocating using two or three-
real operators and real equipment. Exampledimensional displays. It uses three-dimensional
are fire drills, operational tests, and initial “solid” models to ensure that assemblies, surfaces,

production run with soft tooling. intersections, interfaces, etc. are clearly defined.
Most CAD tools automatically generate isometric
Virtual Simulation and exploded views of detailed dimensional and

assembly drawings, and determine component sur-
Virtual simulations put the human-in—the-loop. face areas, volumes, weights, moments of inertia,
The operator’s physical interface with the systententers of gravity, etc. Additionally, many CAD
is duplicated, and the simulated system is made timols can develop three-dimensional models of
perform as if it were the real system. The operatofacilities, operator consoles, maintenance work-
is subjected to an environment that looks, feelsstations, etc. for evaluating man-machine inter-
and behaves like the real thing. The more advancddces. CAD tools are available in numerous vari-
version of this is the virtual prototype, which eties, reflecting different degrees of capabilities,
allows the individual to interface with a virtual fidelity, and cost. The commercial CAD/CAM
mockup operating in a realistic computer -generproduct, CATIA, was used to develop the Boeing
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777, and is a good example of current state-ofanalysis and control activities. It provides techni-
the-art CAD. cal management support and has a broader
capability than either CAD or CAE. An increas-
Computer-Aided Engineering (CAELComputer- ing variety of CASE tools are available, as
Aided Engineering provides automation of require-competition brings more products to market, and
ments and performance analyses in support of tradeany of these support the commercial best
studies. It normally would automate technicalSystems Engineering practices.
analyses such as stress, thermodynamic, acoustic,
vibration, or heat transfer analysis. Additionally, Continuous Acquisition and Life Cycle Support
it can provide automated processes for functiong]CALS). CALS relates to the application of
analyses such as fault isolation and testing, failureomputerized technology to plan and implement
mode, and safety analyses. CAE can also provideupport functions. The emphasis is on informa-
automation of life cycle oriented analysis necestion relating to maintenance, supply support, and
sary to support the design. Maintainability, associated functions. An important aspect of CALS
producibility, human factor, logistics support, andis the importation of information developed during
value/cost analyses are available with CAE toolsdesign and production. A key CALS function is to
support the maintenance of the system configura-
Computer-Aided Manufacturing (CAM)CAM  tion during the operation and support phase. In
tools are generally designed to provide automateBoD, CALS supports activities of the logistics
support to both production process planning ang@ommunity rather than the specific program office,
to the project management process. Process plaand transfer of data between the CAD or CAM
ning attributes of CAM include establishing programs to CALS has been problematic. As a
Numerical Control parameters, controlling result there is current emphasis on Electronic Data
machine tools using pre-coded instructions, prointerchange (EDI) standards for compatible data
gramming robotic machinery, handling material,communication formats. EDI formats of import
and ordering replacement parts. The productioinclude: two and three-dimensional models (CAD),
management aspect of CAM provides manageme®SCIl formats (Technical Manuals), two dimen-
control over production-relevant data, uses historisional illustrations (Technical Manuals), and
cal actual costs to predict cost and plan activitiedzngineering Drawing formats (Raster, Aperture
identifies schedule slips or slack on a daily basisgards).
and tracks metrics relative to procurement,
inventory, forecasting, scheduling, cost reportingLive Simulation
support, quality, maintenance, capacity, etc. A
common example of a computer-based projective simulations are simulated operations of real
planning and control tool is Manufacturing systems using real people in realistic situations.
Resource Planning Il (MRP II.) Some CAM pro- The intent is to put the system, including its
grams can accept data direct from a CAD progranoperators, through an operational scenario, where
With this type of tool, generally referred to assome conditions and environments are mimicked
CAD/CAM, substantial CAM data is automati- to provide a realistic operating situation. Examples
cally generated by importing the CAD data directlyof live simulations range from fleet exercises to
into the CAM software. fire drills.

Computer-Aided Systems Engineering (CASE). Eventually live simulations must be performed to
CASE tools provide automated support for thevalidate constructive and virtual simulations.
Systems Engineering and associated processddowever, live simulations are usually costly, and
CASE tools can provide automated support fotrade studies should be performed to support the
integrating system engineering activities, perform-balance of simulation types chosen for the
ing the systems engineering tasks outlined irprogram.

previous chapters, and performing the systems
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13.3 HARDWARE VS. SOFTWARE fied with software, but the basic concept applies
to hardware as well. Figure 13-2 shows the basic
Though current emphasis is on software M&S, thalifferences between the terms (VV&A).

decision of whether to use hardware, software, or

a combined approach is dependent on the conMore specifically:

plexity of the system, the flexibility needed for

the simulation, the level of fidelity required, ande Verification is the process of determining that
the potential for reuse. Software capabilities are a model implementation accurately represents
increasing, making software solutions cost effec- the developer’'s conceptual description and
tive for large complex projects and repeated specifications that the model was designed to.
processes. Hardware methods are particularly

useful for validation of software M&S, simple or « Validation is the process of determining the
one-time projects, and quick checks on changes manner and degree to which a model is an

of production systems. M&S methods will vary

widely in cost. Analysis of the cost-versus-benefits
of potential M&S methods should be performed
to support planning decisions.

13.4 VERIFICATION, VALIDATION,
AND ACCREDITATION

How can you trust the model or simulation?
Establish confidence in your model or simulation
through formal verification, validation, and

accreditation (VV&A). VV&A is usually identi-

accurate representation of the real world from
the perspective of the intended uses of the
model, and of establishing the level of confi-
dence that should be placed on this assessment.

Accreditation is the formal certification that a
model or simulation is acceptable for use for a
specific purpose. Accreditation is conferred by
the organization best positioned to make the
judgment that the model or simulation in ques-
tion is acceptable. That organization may be an
operational user, the program office, or a con-
tractor, depending upon the purposgended.

Verification Validation Accreditation

“It works as |
thought it would.”

“It looks just like
the real thing.”

96 DO

Developer Functional Expert Requester/User

Verification Agent Validation Agent Accreditation Agent

As design matures, re-examine basic assumptions.

Figure 13-2. \erification, Validation, and Accreditation
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VV&A is particularly necessary in cases where: Note of caution:Don’t confuse the quality of the
display with the quality of meeting simulation
» Complex and critical interoperability is being needs! An example of fidelity is a well-known

represented, flight simulator using a PC and simple joystick
versus a full 6-degree of freedom fully instru-
* Reuse is intended, mented aircraft cockpit. Both have value at differ-
ent stages of flight training, but obviously vary
» Safety of life is involved, and significantly in cost from thousands of dollars to
millions. This cost difference is based on fidelity,
» Significant resources are involved. or degree of real-world accuracy.
VV&A Currency Planning

VV&A is applied at initial development and use. Planning should be an inherent part of modeling
The VV&A process is required for all DoD simu- and simulation, and, therefore, it must be pro-
lations and should be redone whenever existingctive, early, continuous, and regular. Early plan-
models and simulations undergo a major up+hing will help achieve balance and beneficial re-
grade or modification. Additionally, whenever use and integration. With computer and simula-
the model or simulation violates its documentedion technologies evolving so rapidly, planning is
methodology or inherent boundaries that werea dynamic process. It must be a continuing pro-
used to validate or vidy by its different use, then cess, and it is important that the appropriate simu-
VV&A must be redone. Accreditation, however, lation experts be involved to maximize the use of
may remain valid for the specific application unlessnew capabilities. M&S activities should be a part
revoked by the Accreditation Agent, as long as itof the integrated teaming and involve all respon-
use or what it simulates doesn’t change. sible organizations. Integrated teams must develop
their M&S plans and insert them into the overall
planning process, including the TEMP, acquisi-
13.5 CONSIDERATIONS tion strategy, and any other program planning
activity.
There are a number of considerations that should
enter into decisions regarding the acquisition an#1&S planning should include:
employment of modeling and simulation in
defense acquisition management. Among these are Identification of activities responsible for each
such concerns as cost, fidelity, planning, balance, VV&A element of each model or simulation.
and integration.
» Thorough VV&A estimates, formally agreed
Cost vs. Fidelity to by all activities involved in M&S, including
T&E commitments from the developmental
Fidelity is the degree to which aspects of the real testers, operational testers, and separate VV&A
world are represented in M&S. It is the founda- agents.
tion for development of the model and subsequent
VV&A. Cost effectiveness is a serious issue withThose responsible for the VV&A activities must
simulation fidelity, because fidelity can be anbe identified as a normal part of planning. Figure
aggressive cost driver. The correct balance betweet8-2 shows the developer as the verification agent,
cost and fidelity should be the result of simulationthe functional expert as the validation agent, and
need analysis. M&S designers and VV&A agentghe user as the accreditation agent. In general this
must decide when enough is enougtiekty needs is appropriate for virtual simulations. However,
can vary throughout the simulation. This variancghe manufacturer of a constructive simulation
should be identified by analysis and planned forwould usually be expected to justify or warrantee
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their program’s use for a particular application.Integration
The question of who should actually accomplish
VV&A is one that is answered in planning. VV&A Integration is obtained by designing a model or
requirements should be specifically called out insimulation to inter-operate with other models or
tasking documents and contracts. When approprsimulations for the purpose of increased perfor-
ate, VV&A should be part of the contractor's mance, cost benefit, or synergism. Multiple ben-
proposal, and negotiated prior to contract awardefits or savings can be gained from increased
synergism and use over time and across activities.
Balance Integration is achieved through re-use or upgrade
of legacy programs used by the system, or of the
Balance refers to the use of M&S across the phasggoactive planning of integrated development of
of the product life cycle and across the spectrunmew simulations. In this case integration is accom-
of functional disciplines involved. The term may plished through the planned utilization of models,
further refer to the use of hardware vs. softwaresimulations, or data for multiple times or applica-
fidelity level, VV&A level, and even use vs. non- tions over the system life cycle. The planned up-
use. Balance should always be based on cograde of M&S for evolving or parallel uses
effectiveness analysis. Cost effectiveness analysupports the application of open systems architec-
ses should be comprehensive; that is, M&S shoultlire to the system design. M&S efforts that are
be properly considered for use in all parallelestablished to perform a specific function by a
applications and across the complete life cycle o$pecific contractor, subcontractor, or government
the system development and use. activity will tend to be sub-optimized. To achieve
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Figure 13-3. A Robust Integrated Use of Simulation Technology

110



Chapter 13

Modeling and Simulation

integration M&S should be managed at least a13.6 SUMMARY COMMENTS

the program office level.
The Future Direction

DoD, the Services, and their commands have
strongly endorsed the use of modeling and simu-
lation throughout the acquisition life cycle. The s
supporting simulation technology is also evolv-
ing as fast as computer technology changes,
providing greater fidelity and flexibility. As more
simulations are interconnected, the opportunities
for further integration expand. M&S successes to
date also accelerate its use. The current focus is to
achieve open systems of simulations, so they can
be plug-and-play across the spectrum of applica-
tions. From concept analysis through disposal
analysis, programs may use hundreds of different
simulations, simulators and model analysis toolss
Figure 13-3 shows conceptually how an integrated
program modeling and simulation would affect the
functions of the acquisition process.

A formal DoD initiative, Simulation Based Ac-
quisition (SBA), is currently underway. The SBA
vision is to advance the implementation of M&S
in the DoD acquisition process toward a robust,
collaborative use of simulation technology that is
integrated across acquisition phases and prograns.
The result will be programs that are much better
integrated in an IPPD sense, and which are much
more efficient in the use of time and dollars ex-
pended to meet the needs of operational users.
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Modeling and simulation provides virtual
duplication of products and processes, and rep-
resent those products or processes in readily
available and operationally valid environments.

Modeling and simulation should be applied
throughout the system life cycle in support of
systems engineering activities.

The three classes of models and simulations
are virtual, constructive, and live.

Establish confidence in your model or simula-
tion through formal verification, validation, and
accreditation.

M&S planning should be an inherent part of
Systems Engineering planning, and, therefore,
pro-active, early, continuous, and regular.

A more detailed discussion of the use and man-
agement of M&S in DoD acquisition is avail-
able in the DSMC publicatioBystems Acqui-
sition Manager’s Guide for the Use of Models
and Simulations.

An excellent second source is the DSMC pub-
lication, Simulation Based Acquisition — A New
Approach It surveys applications of increas-
ing integration of simulation in current DoD
programs and the resulting increasing benefits
through greater integration.
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CHAPTER 14

METRICS

14.1 METRICS IN MANAGEMENT of Effectiveness (MOESs) which reflect operational
performance requirements.
Metrics are measurements collected for the pur-
pose of determining project progress and overallhe term “metric” implies quantitatively measur-
condition by observing the change of the measuredble data. In design, the usefulness of metric data
guantity over time. Management of technicalis greater if it can be measured at the configura-
activities requires use of three basic types ofion item level. For example, weight can be esti-
metrics: mated at all levels of the WBS. Speed, though an
extremely important operational parameter, can-
» Product metrics that track the development ohot be allocated down through the WBS. It cannot
the product, be measured, except through analysis and simula-
tion, until an integrated product is available. Since
» Earned Value which tracks conformance to thaveight is an important factor in achieving speed
planned schedule and cost, and objectives, and weight can be measured at various
levels as the system is being developed, weight
» Management process metrics that track manmay be the better choice as a metric. It has a direct
agement activities. impact on speed, so it traces to the operational
requirement. But, most importantly, it can be
Measurement, evaluation and control of metricallocated throughout the WBS, and progress
is accomplished through a system of periodidoward achieving weight goals, and then tracked
reporting must be planned, established, and monthrough development to production.
tored to assure metrics are properly measured,
evaluated, and the resulting data disseminated. Measures of Effectiveness and Suitability

Product Metrics Measures of Effectiveness (MOEs) and Measures
of Suitability (MOSs) are measures of operational
Product metrics are those that track key attributesffectiveness and suitability in terms of operational
of the design to observe progress toward meetingutcomes. They identify the most critical perfor-
customer requirements. Product metrics reflecinance requirements to meet system-level mission
three basic types of requirements: operational pepbjectives, and will reflect key operational needs
formance, life cycle suitability, and affordability. in the operational requirements document.
The key set of systems engineering metrics are
the Technical Performance Measurements (TPM.Qperational effectiveness is the overall degree of
TPMs are product metrics that track designa system’s capability to achieve mission success
progress toward meeting customer performanceonsidering the total operational environment. For
requirements. They are closely associated with thexample, weapon system effectiveness considers
system engineering process because they directgnvironmental factors such as operator organiza-
support traceability of operational needs to thdion, doctrine, and tactics; survivability; vulner-
design effort. TPMs are derived from Measures ofbility; and threat characteristics. Measures of
Performance (MOPs) which reflect systemSuitability, on the other hand, measure the extent
requirements. MOPs are derived from Measureto which the system integrates well into the
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operation environment and consider sissies may not be useful as an early warning device to
as supportability, human interface compatibility,indicate progress toward meeting the design goal.
and maintainability. Additional information on the TPM concept is
provided at the end of this chapter.
Measures of Performance
Example of Measures
MOPs characterize physical or functional attributes
relating to the execution of the mission or func-MOE: The vehicle must be able to drive fully
tion. They quantify a technical or performanceloaded from Washington, DC to Tampa, Florida
requirement directly derived from MOEs and on one tank of fuel.
MOSs. MOPs should relate to these measures such
that a change in MOP can be related to a changdOP: Vehicle range must be equal to or greater
in MOE or MOS. MOPs should also reflect keythan 1000 miles.
performance requirements in the system specifi-
cation. MOPs are used to derive, develop, supt¥PM: Fuel consumption, vehicle weight, tank size,
port, and document the performance requirementrag, power train friction, etc.
that will be the basis for design activities and pro-
cess development. They also identify the criticaSuitability Metrics
technical parameters that will be tracked through

Technical Performance Measurements. Tracking metrics relating to operational suitabil-
ity and other life cycle concerns may be appropri-
Technical Performance Measurements ate to monitor progress toward an integrated

design. Operational suitability is the degree to
TPMs are derived directly from MOPs, and arewhich a system can be placed satisfactorily in field
selected as being critical from a periodic reviewuse considering: availability, compatibility, trans-
and control standpoint. TPMs help assess desigportability, interoperability, reliability, usage rates,
progress, assess compliance to requirementaaintainability, safety, human factors, documen-
throughout the WBS, and assist in monitoring andation, training, manpower, supportability, logis-
tracking technical risk. They can identify the needics, and environmental impacts. These suitability
for deficiency recovery, and provide information parameters can generate product metrics that indi-
to support cost-performance sensitivity assesszate progress toward an operationally suitable
ments. TPMs can include range, accuracy, weighsystem. For example, factors that indicate the level
size, availability, power output, power required,of automation in the design would reflect progress
process time, and other product characteristiceoward achieving manpower quantity and quality
that relate directly to the system operationatequirements. TPMs and suitability product
requirements. metrics commonly overlap. For example, Mean

Time Between Failure (MBTF) can reflect both
TPMs traceable to WBS elements are preferreceffectiveness or suitability requirements.
so elements within the system can be monitored
as well as the system as a whole. However, songuitability metrics would also include measure-
necessary TPMs will be limited to the system oments that indicate improvement in the
subsystem level. For example, the specific fueproducibility, testability, degree of design sim-
consumption of an engine would be a TPM necesalicity, and design robustness. For example,
sary to track during the engine development, butracking number of parts, number of like-parts,
it is not allocated throughout the WBS. It isand nunber of wearing parts provides indicators
reported as a single data item reflecting the pemf producibility, maintainability, and design
formance of the engine as a whole. In this case th@mplicity.
metric will indicate that the design approach is
consistent with the required performance, but it
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Product Affordability Metrics DoD and Industry Policy on Product Metrics

Estimated unit production cost can be tracked duffhe establishment of performance metrics to
ing the design effort in a manner similar to theprovide measures of how well the technical devel-
TPM approach, with each CI element reportingoppment and design are evolving relative to what
an estimate based on current design. These estiras planned and relative to meeting system
mates are combined at higher WBS levels to prorequirements in terms of performance, risk miti-
vide subsystem and system cost estimates. Thgation, producibility, cost and schedule. Perfor-
provides a running engineering estimate of unitmance metrics must be traceable to performance
production cost, tracking of conformance to Desigrparameters identified by the operational u§aD
to Cost (DTC) goals, and a method to isolate desigh000.2-R, Part 4, Par. 4.3.
problems relating to production costs.
The performing activity establishes and imple-
Lifecycle affordability can be tracked through ments TPM to evaluate the adequacy of evolving
factors that are significant in parametric life cyclesolutions to identify deficiencies impacting the
cost calculations for the particular system. Fombility of the system to satisfy a designated value
example, two factors that reflect life cycle cost forfor a technical parameteEIA 1S-632, Section 3.
most transport systems are fuel consumption and
weight, both of which can be tracked as metrics.The performing activity identifies the technical
performance measures which are key indicators
Timing of system performance .... should be limited to
critical MOPs which, if not met put the project at
Product metrics are tied directly to the design proeost, schedule, or performance ri¢kEE 1220,
cess. Planning for metric identification, reporting,Section 6.
and analysis is begun with initial planning in the
concept exploration phase. The earliest systems
engineering planning should define the managet4.2 EARNED VALUE
ment approach, identify performance or charac-
teristics to be measured and tracked, forecast valuarned Value is a metric reporting system that uses
for those performances or characteristics, detecost-performance metrics to track the cost and
mine when assessments will be done, and establisithedule progress of system development against
the objectives of assessment. a projected baseline. It is a “big picture” approach
and integrates concerns related to performance,
Implementation is begun with the development oftost, and schedule. As shown by Figure 14-1,
the functional baseline. During this period, sys-earned value warns of schedule and cost problems
tems engineering planning will identify critical that are based on variance from a projected per-
technical parameters, time phase planned profileormance. The projected performance is based on
with tolerance bands and thresholds, reviews oestimates of appropriate cost and schedule to
audits or events dependent or critical for achieveperform the work required by each WBS element.
ment of planned profiles, and the method of estiWhen a variance occurs the system engineer can
mation. During the design effort, from functional pinpoint WBS elements that have potential tech-
to product baseline, the plan will be implementecdhical development problems. Combined with prod-
and continually updated by the systems engineenct metrics, earned value is a powerful technical
ing process. To support implementation, contractsnanagement tool for detecting and understanding
should include provision for contractors to providedevelopment problems.
measurement, analysis, and reporting. The need
to track product metrics ends in the productiorRelationships exist between product metrics, the
phase, usually concurrent with the establishmentvent schedule, the calendar schedule, and Earned
of the product (as-built) baseline. Value:
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Estimated Cost

-1 at Completion
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Contract Cut-off o | Projected
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— Budgeted Cost for
Work Scheduled
(BCWS)

Schedule
Variance ($) ]
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Budgeted Cost for Work 1 Sl
Performed (BCWP) Ippage
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Figure 14-1. Earned Value Concept

» The Event Schedule includes tasks for eactexamples of these factors are: number of trained
event/exit criteria that must be performed topersonnel onboard, average time to approve/
meet key system requirements, which arelisapprove ECPs, lines of code or drawings
directly related to product metrics. released, ECPs resolved per month, and team risk

identification or feedback assessments. Selection

» The Calendar (Detail) Schedule includes timeof appropriate metrics should be done to track key
frames established to meet those same produntanagement activities. Selection of these metrics
metric related objectives (schedules). is part of the systems engineering planning process.

» Earned Value includes cost/schedule impactslow Much Metrics?
of not meeting those objectives, and when
correlated with product metrics can identify The choice of the amount and depth of metrics is
emerging program and technical risk. a planning function that seeks a balance between
risk and cost. It depends on many considerations,
including system complexity, organizational com-
14.3 PROCESS METRICS plexity, reporting frequency, how many contrac-
tors, program office size and make-up, contractor
Management process metrics are measuremerpgast performance, political visibility, and contract
taken to track the process of developing, buildtype.
ing, and introducing the system. They include
a wide range of potential factors and selection
is program-unique. They measure such factor4d4.4 SUMMARY POINTS
as availability of esources, activity time rates,
items completed, completion rates, and customer Management of technical activities requires use
or team satisfaction. of three basic types of metrics: product metrics
that track the development of the product,
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earned value which tracks conformance to TPMs are performance based product metrics

the planned schedule and cost, and manage- that track progress through measurement of key

ment process metrics that track management technical parameters. They are important to the

activities. systems engineering process because they

connect operational requirements to measurable

» Measurement, evaluation and control of metrics design characteristics and help assess how well

is accomplished through a system of periodic the effort is meeting those requirements. TPMs

reporting that must be planned, established, and are required for all programs covered by DoD

monitored to ensure that metrics are measured 5000.2-R.

properly, evaluated, and the resulting data

disseminated.
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SUPPLEMENT A
TECHNICAL PERFORMANCE
MEASUREMENT

A TPM should be a significant qualifier of the total TPM reporting is analogous to a smoke alarm; if

system, and reflect a characteristic that contribthe metric is within bounds there is no alert. TPM

utes to system success. Critical technical paranreporting flags design deficiencies or excesses, and

eters can be derived from risk issues, system qualpermits timely action to correct them.

fiers, safety issues, cost/schedule drivers, mission

critical issues, and contract performance concernd.PM profiles are developed from historical data,
test data, system engineering planning estimates,

A TPM is managed by exception. If the reportedand contract requirements. A typical profile is

measurement is outside a set of acceptable valuesjown in Figure 14-2.

then the metric indicates a problem is occurring.

Planned
Profile
Technical Achievement Tolerance Band
Parameter Contract
to date ”
Values Competition

- Current

e.g., MTBF

— Threshold

Planned
Value

A A A | N -

RelevantTerms

Achievement to date — Measured or estimated progress plotted and compared with planned progress by designated milestone
date.

Current estimate — Expected value of a technical parameter at contract completion.
Planned value — Predicted value of parameter at a given point in time.
Planned profile — Time phased projected planned values.
Tolerance band — Management alert limits representing projected level of estimating error.
Threshold — Limiting acceptable value, usually contractual.

Variance — Difference between the planned value and the achievement-to-date derived from analysis, test, or demon-
stration.

Figure 14-2. Technical Performance Measurement — The Concept
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RISK MANAGEMENT

15.1 RISK AS REALITY Risk exists whether you acknowledge it, whether
you believe it, whether it is written down, or
Risk is inherent in all activities. It is a normal whether you understand it. Risk does not change
condition of existence. Risk is the potential for abecause you hope it will, you ignore it, or your
negative future reality that may or may not hap-boss'’s expectations do not reflect it. Nor will it
pen. Risk is defined by two characteristics of achange just because it is contrary to policy, proce-
possible negative future event: probability ofdure, or regulation. Risk is neither good nor bad.
occurrence (whether something will happen), andt is just how things are. Progress and opportunity
consequences of occurrence (how catastrophic #re companions of risk. In order to make progress,
it happens). If the probability of occurrence is notrisks must be understood, managed, and reduced
known, then one hasncertainty and the risk is to acceptable levels.
undefined.
Types of Risk in a
Risk is not a problem. It is an understanding ofSystems Engineering Environment
the level of threat due tpotential problems. A
problem is a consequence that has alread8ystems engineering management related risks
occurred. In fact, knowledge of a risk is an opporcould be related to the system products or to the
tunity to avoid a problem. Risk occurs whetherprocess of developing the system. Figure 15-1
there is an attempt to manage it or not. shows the decomposition of system development
risks.

Development Risk

Management of
Management of
Development
Development

[ [
Internal Prime
Process Mission
Product
External Supporting
Influences Products

Figure 15-1. Risk Hierarchy
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Risks related to system development generally arevents. Risk management depends on risk man-
traceable to achieving life cycle customer requireagement planning, early identification and analy-
ments. Product risks include both end product risksis of risks, continuous risk tracking and reassess-
that relate to the basic performance and cost of thment, early implementation of corrective actions,
system, and to enabling products that relate to theommunication, documentation, and coordination.
products that produce, maintain, support, test, traifhough there are many ways to structure risk
and dispose of the system. management, this book will structure it as having
four parts: Planning, Assessment, Handling, and
Risks relating to the management of the developMonitoring. As depicted in Figure 15-2 all of the
ment effort can be technical management risk oparts are interlocked to demonstrate that after initial
risk caused by external influences. Risks dealinglanning the parts begin to be dependent on each
with the internal technical management includeother. lllustrating this, Figure 15-3 shows the key
those associated with schedules, resources, wodontrol and feedback relationships in the process.
flow, on time deliverables, availability of appro-
priate personnel, potential bottlenecks, critical patlRisk Planning
operations, and similar. Risks dealing with exter-
nal influences include resource availability, higherRisk Planning is the continuing process of devel-
authority delegation, level of program visibility, oping an organized, comprehensive approach to
regulatory requirements, and the like. risk management. The initial planning includes
establishing a strategy; establishing goals and
objectives; planning assessment, handling, and
15.2 RISK MANAGEMENT monitoring activities; identifying resources, tasks,
and responsibilities; organizing and training risk
Risk management is an organized method fomanagement IPT members; establishing a method
identifying and measuring risk and for selecting,to track risk items; and establishing a method to
developing, and implementing options for thedocument and disseminate information on a
handling of risk. It is a process, not a series otontinuous basis.

Plan
(What, when,

Assess
(Identify and
rnalyze)

Monitor
and Report
(Know what's
happening)

(Mitigate the
risk)

A Continuous Interlocked Process—Not an Event

Figure 15-2. Four Elements of Risk Management
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Planning | |
How to How to How to
Assess Handle Monitor/
Report
Assessment |
Continuous What to What to
Fesg?]?ﬂcrl]‘gfor Handle Monitor/
Report
Adjustment * P
Continuous Handling
Feedback for
Reassessment Risk
Change \ 4
< Monitoring/
Continuous Reporting
Feedback for
Management

Figure 15-3. Risk Management Control and Feedback

In a systems engineering environment, riskand potentially altered as events unfold. Since these
planning should be: events are continually changing, the planning
process is a continuous one.
* Inherent (imbedded) in systems engineering
planning and other related planning, such afRRisk Assessment
producibility, supportability, and configuration

management; Risk assessment consistsidéntifyingandana-
lyzing the risks associated with the life cycle of
» A documented continuous effort; the system.
» Integrated among all activities; Risk Identification Activities

 Integrated with other planning, such as systemRisk identification activities establish what risks
engineering planning, supportability analysis,are of concern. These activities include:
production planning, configuration and data
management, etc.; * |dentifying risk/uncertainty sources and drivers,

» Integrated with previous and future phases; anel Transforming uncertainty into risk,
» Selected for each Configuration Baseline. ¢ Quantifying risk,

Risk is altered by time. As we try to control ore Establishing probability, and

alter risk, its probability and/or consequence will

change. Judgment of the risk impact and the Establishing the priority of risk items.
method of handling the risk must be reassessed
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As shown by Figure 15-4 the initial identification matrix to establish relative risk among them. On
process starts with an identification of potentialsuch a graph, risk increases on the diagonal and
risk items in each of the four risk areas. Riskgrovides a method for assessing relative risk. Once
related to the system performance and supportintpe relative risk is known, a priority list can be
products are generally organized by work breakestablished and risk analysis can begin.
down structure and initially determined by expert
assessment of teams and individuals in the deveRisk identification efforts can also include activi-
opment enterprise. These risks tend to be thodes that help define the probability or consequences
that require follow-up quantitative assessmentof a risk item, such as:
Internal process and external influence risks are
also determined by expert assessment within the Testing and analyzing uncertainty away,
enterprise, as well as through the use of risk area
templates similar to those found in DoD 4245.7- Testing to understand probability and
M. The DoD 4245.7-M templates describe the risk  consequences,
areas associated with system acquisition manage-
ment processes, and provide methods for redue- Activities that quantify risk where the qualita-
ing traditional risks in each area. These templates tive nature of High, Moderate, Low estimates
should be tailored for specific program use based are insufficient for adequate understanding.
on expert feedback.

Risk Analysis Activities
After identifying the risk items, the risk level
should be established. One common method iRisk analysis activities continue the assessment
through the use of a matrix such as shown in Figurprocess by refining the description of identified
15-5. Each item is associated with a block in theisk event through isolation of the cause of risk,

Identify and List All Risks

¢ Product

* Supporting products

* Internal management processes
e External influences

Establish a Risk Definition Matrix
and Assign Risks to a Risk Area

Hi Establish Definitions Early in Program Life Cycle

Moderate High High

Low Moderate High

Low Low Moderate

< 4= —=-—W>» W O0XT T

g
Low P Hi
Consequence

Establish a Risk Priority List
’ « Prioritize risk based on matrix
« Establish critical “high risk” list

« Establish a“moderate risk” list

Figure 15-4. Initial Risk Identificaiton
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Hi Establish Definitions Early in Program Life Cycle
i

A
P . .
R High High
(0]
B
A
B Low Moderate High
|
L
|
T Low Low Moderate
Y

Low P Hi
Consequence

Figure 15-5. Simple Risk Matrix

determination of the full impact of risk, and the ¢
determination and choose of alternative courses
of action. They are used to determine what risle
should be tracked, what data is used to track risk,
and what methods are used to handle the risk.

Risk analysis explores the options, opportunities,
and alternatives associated with the risk. It
addresses the questions of how many legitimate
ways the risk could be dealt with and the best way
to do so. It examines sensitivity, and risk interre-
lationships by analyzing impacts and sensitivity

How does it affect the overall situation?

Development of a watch list (prioritized list of
risk items that demand constant attention by
management) and a set of metrics to determine
if risks are steady, increasing, or decreasing.

Development of a feedback system to track
metrics and other risk management data.

Development of quantified risk assessment.

of related risks and performance variation. It furtheQuantified risk assessment is a formal quantifica-

analyzes the impact of potential and accomplishedion of probabilities of occurrence and conse-

external and internal changes. guences using a top-down structured process
following the work breakdown structure. For each

Risk analysis activities that help define the scop@lement, risks are assessed through analysis, simu-

and sensitivity of the risk item include finding lation and test to determine statistical probability

answers to the following questions: and specific conditions caused by the occurrence
of the consequence.

» If something changes, will risk change faster,

slower, or at the same pace? Cautions in Risk Assessments

» If a given risk item occurs, what collateral ef- Reliance solely on numerical values from simula-

fects happen? tions and analysis should be avoided. Do not lose
sight of the actual source and consequences of the
» How does it affect other risks? risks. Testing does not eliminate risk. It only
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provides data to assess and analyze risk. Most ef Incremental development, such as preplanned
all, beware of manipulating relative numbers, such product improvement, to disassociate the design
as ‘risk index” or “risk scales,” even when based from high-risk components that can be
on expert opinion, as quantified data. They are developed separately;
importantpieces of information, but they are largely
subjective and relative; they do not necegsa ¢ Technology maturation that allows high-risk
define risk accurately. Numbers such as these should components to be developed separately while
always be the subject of a sensitivity analysis. the basic development uses a less risky and
lower performance temporary substitute;
Risk Handling
» Test, analyze and fix that allows understanding
Once the risks have been categorized and analyzed, to lead to lower risk design changes. (Test can
the process of handling those risks is initiated. The be replaced by demonstration, inspection, early
prime purpose of risk handling activities is to miti-  prototyping, reviews, metric tracking, experi-
gate risk. Methods for doing this are numerous, mentation, models and mockups, simulation,
but all fall into four basic categories: or any other input or set of inputs that gives a
better understanding of the risk);
» Risk Avoidance,
* Robust design that produces a design with sub-

» Risk Control, stantial margin such that risk is reduced; and

» Risk Assumption, and » The open system approach that emphasizes use
of generally accepted interface standards that

» Risk Transfer provide proven solutions to component design
problems.

Avoidance

To avoid risk, remove requirements that represenicceptance
uncertainty and high risk (probability or conse-Acceptance is the deliberate assumption of risk
guence). Avoidance includes trading off risk forbecause it is low enough in probability and/or con-
performance or other capability, and it is a keysequence to be reasonably absorbed without
activity during requirements analysis. Avoidanceimpacting the development effort. Key techniques
requires understanding of priorities in requirement$or handling accepted risk are budget and sched-
and constraints. Are they mission critical, missionule reserves for unplanned activities and continu-
enhancing, nice to have, or “bells and whistles?"ous assessment (to ensure that accepted risks are
maintained at acceptance level.) The basic objec-
Control tive of risk management in systems engineering is
Control is the deliberate use of the design proceds reduce all risk to an acceptable level.
to lower the risk to acceptable levels. It requires
the disciplined application of the systems engi-The strong budgetary strain and tight schedules
neering process and detailed knowledge of then DoD programs tends to reduce the program
technical area associated with the design. Contrehanager’s and system engineer’s capability to
techniques are plentiful and include: provide reserve. By identifying a risk as accept-
able, the worst case outcome is being declared
» Multiple concurrent design to provide more acceptable. Accordingly, the level of risk consid-
than one design path to a solution; ered acceptable should be chosen very carefully
in a DOD acquisition program.
» Alternative low-risk design to minimize the risk
of a design solution by using the lowest risk
design option;
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Transfer Monitoring and Reporting

Transfer can be used to reduce risk by moving the

risk from one area of design to another where &isk monitoring is the continuous process of track-

design solution is less risky. Examples of thising and evaluating the risk management process

include: by metric reporting, enterprise feedback on watch
list items, and regular enterprise input on poten-

» Assignment to hardware (vs. software) or vicetial developing risks. (The metrics, watch lists, and

versa, and feedback system are developed and maintained as

an assessment activity.) The output of this process

» Use of functional partitioning to allocate is then distributed throughout the enterprise, so

performance based on risk factors. that all those involved with the program are aware

of the risks that affect their efforts and the system

Transfer is most associated with the act of assigrdevelopment as a whole.

ing, delegating, or paying someone to assume the

risk. To some extent, transfer always occurs whe®pecial Case — Integration as Risk

contracting or tasking another activity. The con-

tract or tasking document sets up agreements thhitegration of technologies in a complex system

transfer risk from the government to contractor,s a technology in itselfl Technology integration

program office to agency, and vice versa. Typicatluring design may be a high-risk item. It is not

methods include insurance, warranties, and incemormally assessed or analyzed as a separately

tive clauses. Risk is never truly transferred. If thedentified risk item. If integration risks are not

risk isn’t mitigated by the delegated activity it still properly identified during development of the

affects your project or program. functional baseline, they will demonstrate them-
selves as serious problems in the development of

Key areas to review before using transfer are: the product baseline.

» How well can the delegated activity handle theSpecial Case — Software Risk
risk? Transfer is effective only to the level the
risk taker can handle it. Based on past history, software development is
often a high-risk area. Among the causes of per-
» How well will the delegated activity solution formance, schedule, and cost deficiencies have
integrate into your project or program? Trans-been:
fer is effective only if the method is integrated
with the overall effort. For example, is the war-+ Imperfect understanding of operational require-
ranty action coordinated with operators and ments and its translation into source instruc-
maintainers? tions,

» Was the method of tasking the delegated active Risk tracking and handling,
ity proper? Transfer is effective only if the trans-
fer mechanism is valid. For example, can in- Insufficient comprehension of interface con-
centives be “gamed?” straints, and

» Who has the most control over the risk? If thes Lack of sufficient qualified personnel.
project or program has no or little control over
the risk item, then transfer should be considRisk Awareness
ered to delegate the risk to those most likely to
be able to control it. All members of the enterprise developing the
system must understand the need to pay attention
to the existence and changing nature of risk.
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Consequences that are unanticipated can seriougly Risk management is associated with a clear
disrupt a development effort. The uneasy feeling understanding of probability.
that something is wrong, despite assurances that
all is fine may be valid. These kinds of intuitionse Risk management is an essential and integral
have allowed humanity to survive the slings and part of technical program management (systems
arrows of outrageous fortune throughout history. engineering).
Though generally viewed as non-analytical, these
apprehensions should not be ignored. Experience Risks and uncertainties must be identified,
indicates those non-specific warnings have validity, analyzed, handled, and tracked.
and should be quantified as soon as possible.
» There are four basic ways of handling risk:
avoidance, transfer, acceptance, and control.
15.3 SUMMARY POINTS
» Program risks are classified as low, moderate,
» Riskis inherent in all activities. or high depending on consequences and prob-
ability of occurrence. Risk classification should
» Riskis composed of knowledge of two charac- be based on quantified data to the extent
teristics of a possible, negative future event:. possible.
probability of occurrence and consequences of
occurrence.
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SUPPLEMENT A

RISK MANAGEMENT
IN DOD ACQUISITION

Policy present bad news such that it is reasonable and
compelling to higher levels of authority.

DoD policy is quite clear in regard to risk man-

agement: it must be done. Factoring Risk Management into the Process

The Program Manager and other acquisition man-Risk management, as an integral part of the over-
agers shall continually assess program risksall program planning and management process, is
(DoDD 5000.1.) enhanced by applying a controlled, consistent,
approach to systems engineering and using
The PM shall establish a risk management prointegrated teams for both product development and
gram for each acquisition program to identify andmanagement control. Programs should be
control performance, cost, and schedule riskstransitioned to the next phase only if risk assess-
(DoD 5000.2-R.) ment determines risk is at the appropriate level.
Know the risk drivers behind the estimates. By its
In addition, DoDD 5000.4 identifies risk and costnature there are subjective aspects of assessing and

analysis as a PM responsibility. analyzing risk at the system level, even though
they tend to be represented as quantitative and/or
Risk Management View analytically objective.

A DSMC study indicates that major programsRisk and Phases
declared moderate risk at Milestone Il have been
more successful in terms of meeting cost and sche®uring Concept Exploration initial system-level
ule goals than those declared low (BISMC TR  risk assessments are made. Unknown-unknowns,
2-95.) This strongly implies that program officesuncertainty, and some high risk elements are
that understand and respect risk management witlormal and expected.
be more successful. For this reason the program
office needs to understand a systems level view d®rogram Definition and Risk Reduction (PDRR)
risk. The systems engineer provides this viewis a major technology risk reduction effort. Its
Systems Engineering is the foundation of progranpurpose is to identify and reduce technical risk to
office risk assessments because it is the connelevel necessary to allow engineering development
tion to the reality of system development andof the system. PDRR risk efforts emphasize:
production, the program office’s primary mission.

» Testing, analyzing, or mitigating system and
However, the program office has external risks to subsystem uncertainty and high risk out of the
deal with as well as the internal risks prevalentin program.
the development process. The Systems Engineer
has to provide the Program Manager internal rislkk Demonstrating technology sufficient to uncover
data in a manner that aids the handling of the system and subsystem unknown-unknowns
external risks. In short, the systems engineer must (especially for integration).

127



Systems Engineering Fundamentals Chapter 15

» Planning for risk management in EngineeringRisk Classification on the

and Manufacturing Development (EMD), System (Program) Level

especially handling of moderate risk and

tracking of risk. Classification definitions should be established

early and remain consistent throughout the pro-

EMD requires the application of product andgram. The program office should assess the risks
manufacturing engineering, which can be dis-of achieving performance, schedule, and cost in
rupted if the technology development is notclear and accurate terms of both probability and
sufficient tosupport engineering development. consequence. Where there is disagreement about

Risk management in EMD emphasizes: the risk, assessment efforts should be immediately
increased. Confusion over risk is the worst pro-
» Reduction and control of moderate risks, gram risk, because it puts in doubt the validity of

the risk management process, and therefore,
» All risks under management including whether program reality is truly understood.
emerging ones, and
The system level risk assessment requires integra-
* Maintenance of risk levels and reaction totion and interpretation of the quantified risk

problems. assessment of the parts. This requires reasonable
judgment. Because integration increases the po-
Key to Program Success: PDRR tential for risk, it is reasonable to assume overall

risk is not better than the sum of objective data for
PDRR is the phase designed to reduce technic#te parts.
risk to a level manageable by engineers—that is,
the technology is developed, understood, and iReality vs. Expectations
malleable by engineering processes. If it is not,
program disruption will occur. PMs are burdened with the expectations of
superiors and others that have control over the
Focus on lowering the risk associated with techprogram office’s environment. Pressure to accom-
nology maturity is essential in PDRR. Doing it modate these expectations is high. If the systems
later carries the dual risks of concurrency and unengineer cannot communicate the reality of risk
realistic management expectations. Tasking, corin terms understandable, acceptable, or sufficiently
tract requirements, and management expectationgrifiable to management, then these pressures may
in EMD are based on an understanding establishea/erride vertical communication of actual risk.
at MSII that the system is ready for engineering
development. After PDRR the acquisition com-Formal systems engineering with risk management
munity generally assumes that risk is moderate tocorporated can provide the verifiable informa-
low, that the technology is “available.” Experiencetion. However, the systems engineer also has the
shows us that technology integration, both interresponsibility to adequately explain probability and
nal and external, and software are risk areas thabnsequences such that the PM can accept the
tend to be high and should be rigorously addresse@ality of the risk and override higher level
in PDRR. Risk reduction in these areas tends texpectations.
be expensive (e.g., prototyping) or dependent on
external drivers (e.g., . During PDRR cost Uncertainty is a special case, and very dangerous
trade-off with major technical risk efforts is in an atmosphere of high level expectations.
dangerous, but has been common to see PDRResentation of uncertainty issues shatitdngly
under-funded. emphasize consequences, show probability
trends,and develop “most likely” alternatives for
probability.
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SUPPLEMENT B

MODEL FOR SYSTEM LEVEL
RISK ASSESSMENT

Because of its rudimentary nature, the model preExistence of Capability:Could exist in existing
sented here is not meant to be used as a technique, items in use today but not at performance
but as an illustrative teaching tool to establish the standards for the system.
basic scope of the three common generic risk
classifications. Classifications should be preparedxtent of Changes RequiredDesign iterations
by the program office based on the risk assess- necessary.
ment effort. None the less, the classification defi-
nitions should be within the general scope of thedigh Risk Level Classifiers
notional classification presented below.

Risk ConsequencesSignificant program impact.

Low Risk Level Classifiers Uncertainties require significant reserve
requirements or alternative courses of action
Risk Consequencesnsignificant cost, schedule, and/or parallel development.

or technical impact.
Probability of Occurrence:High estimate of
Probability of Occurrence:Estimated Probabil- Probability.
ity is sufficiently low to cause no concern.
Extent of Demonstration:Technology has not
Extent of Demonstration:Full scale integrated been demonstrated.
technology has been demonstrated previously.
Existence of CapabilityDoes not currently exist.
Existence of CapabilityAlready exists in exist-
ing items but needs to be integrated into systerixtent of Changes RequiredSignificant design
during development. iterations expected in order to achieve required/
desired results.
Moderate Risk Level Classifiers
Intermediate Classifiers
Risk Consequence$Vould affect program objec-
tives, cost or schedule. Cost, schedule, an@lassification definitions for “Low-Moderate” and
performance are achievable. “Moderate-High” should be developed if they are
used. They should not be left undefined and open
Probability of OccurrenceEstimate of Probabil- to interpretation. Undefined classifiers introduce
ity is high enough to be of concern. risk that is seldom recognized, and they tend to
result in disruptive consequences.
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CHAPTER 16

SYSTEMS ENGINEERING
PLANNING

16.1 WHY ENGINEERING PLANS? Technical/Systems Engineering Planning

Systems engineering planning is an activity thafechnical planning may be documented in a sepa-
has direct impact on acquisition planning decisionsate engineering management plan or incorporated
and establishes the feasible methods to achieve th#o a broad, integrated program management plan.
acquisition objectives. Management uses it to: This plan is first drafted at project or program
inception during the early requirements analysis
» Assure that: all technical activities are identifiedeffort. Requirements analysis and technical plan-
and managed, ning are inherently linked, because requirements
analysis establishes an understanding of what must
» Communicate the technical approach to thébe provided. This understanding is fundamental
broad development team, to the development of detailed plans.

» Document decisions and technical implemen-To be of utility, systems engineering plans must
tation, and be regularly updated. To support management
decision making, major updates will usually occur
» Establish the criteria to judge how well the at least just before major management milestone
system development effort is meeting customedecisions. However, updates must be performed
and management needs. as necessary between management milestones to
keep the plan sufficiently current to achieve its
Systems engineering planning addresses the scoparpose of information, communication, and
of the technical effort required to develop thedocumentation.
system. The basic questions of “who will do what”
and “when” are addressed. As a minimum, a tech-
nical plan describes what must be accomplished,6.2 ELEMENTS OF TECHNICAL PLANS
how systems engineering will be done, how the
effort will be scheduled, what resources are neededgechnical plans should include sufficient informa-
and how the systems engineering effort will betion to document the purpose and method of the
monitored and controlled. The planning effortsystems engineering effort. Plans should include
results in a management-oriented documenthe following:
covering the implementation of program require-
ments for system engineering, including techni= An introduction that states the purpose of the
cal management approaches for subsequent phasesengineering effort and a description of the
of the life cycle. In DoD it is an exercise done on system being developed,
a systems level by the government, and on a more
detailed level by contractors. * A technical strategy description that ties the
engineering effort to the higher-level manage-
ment planning,
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» A description of how the systems engineeringe Be a single objective to avoid confusion,
process will be tailored and structured to
complete the objectives stated in the strategys Be stated simply to avoid misinterpretation, and

e An organization plan that describes thes Have high-level support.
organizational structure that will achieve the
engineering objectives, and Purpose:The purpose of the engineering effort
should be described in general terms of the outputs,
» A resource plan that identifies the estimatedboth end products and life cycle enabling prod-
funding and schedule necessary to achieve thacts, that are required. The stated purpose should
strategy. answer the question, what does the engineering
effort have to produce?

Introduction Technical Strategy

The introduction should include: The basic purpose of a technical strategy is to link
the development process with the acquisition or
Scope:The scope of the plan should providecontract management process. It should include:
information concerning what part of the big pic-
ture the plan covers. For example, if the plan were Development phasing and associated baselining,
a DOD program office plan, it would emphasize
control of the higher-level requirements, the system Key engineering milestones to support risk man-
definition (functional baseline), and all activities = agemenand business management milestones,
necessary for system development. On the other
hand, a contractor’s plan would emphasize control Associated parallel developments or product
of lower level requirements, preliminary and detail improvement considerations, and
designs (allocated and product baselines), and ac-
tivities required and limited by the contractuale Other management generated constraints or
agreement. high-visibility activities that could effect the
engineering development.
Description: The description of the system should:
Phasing and MilestonesThe development
» Be limited to an executive summary describ-phasing and baseline section should describe the
ing those features that make the system uniquapproach to phasing the engineering effort,
including tailoring of the basic process described
* Include a general discussion of the system’sn this book and a rationale for the tailoring. The
operational functions, and key milestones should be in general keeping with
the technical review process, but tailored as
» Answer the question “What is it and what will appropriate to support business management
it do?” milestones and the project/program’s development
phasing. Strategy considerations should also
Focus: A guiding focus for the effort should be include discussion of how design and verification
provided to clarify the management vision for thewill phase into production and fielding. This area
development approach. For example, the focushould identify how production will be phased-in
may belowest cost to obtain threshold require- (including use of limited-rate initial production and
ments, superior performance within budget,long lead-time purchases), and that initial support
superior standardization for reduced logistics, considerations require significant coordination
maximum use of the open systems approach to rbetween the user and acquisition community.
duce costor the like. A focus statement should:
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Parallel Developments and Product Improve- could cover a wide range of possible issues. In

ment: Parallel development programs necessargeneral, management issues identified as engineer-
for the system to achieve its objectives should béng strategy issues are those that impact the abil-
identified and the relationship between the effortdty to support the management strategy. Examples

explained. Any product improvement strategiesvould include:

should also be identified. Considerations such as
evolutionary development and pre-planned prode
uct improvement should be described in sufficient
detail to show how they would phase into the over-
all effort.

Impacts on Strategy

All conditions or constraints that impact the strat-

egy should be identified and the impact assessed.

Need to combine developmental phases to
accommodate management driven schedule or
resource limitations,

Risk associated with a tight schedule or limited
budget,

Contractual approach that increases technical
risk, and

Key points to consider are:
» Others of a similar nature.
» Critical technologies development,
Management-dictated technical activities—such as
» CostAs an Independent Variable (CAIV), anduse of modeling and simulation, open systems,
IPPD, and others—should not be included as a
» Any business management directed constraingtrategy issue unless they impact the overall sys-
or activity that will have a significant influence tems engineering strategy to meet management
on the strategy. expectations. The strategy discussion should lay
out the plan, how it dovetails with the manage-
ment strategy, and how management directives
impact it.

Critical Technologies:Discussion of critical
technology should include:

» Risk associated with critical technology Systems Engineering Processes
development and its impact on the strategy,
This area of the planning should focus on how the
system engineering processes will be designed to
support the strategy. It should include:
» Potential impact on the overall development
effort. .

» Relationship to baseline development, and

Specific methods and techniques used to
perform the steps and loops of the systems
CAlV: Strategy considerations should include engineering process,

discussion of how Cost As an Independent Variable

(CAIV) will be implemented, and how it will e
impact the strategy. It should discuss how unit cost,
development cost, life cycle cost, total ownership
cost, and their interrelationships apply to the sys-
tem development. This area should focus on how
these costs will be balanced, how they will be con-
trolled, and what impact they have on the strategy

Specific system analysis and control tools and
how they will be used to support step and loop
activities, and

Special design considerations that must be
integrated into the engineering effort.

and design approach.

Steps and LoopsThe discussion of how the

systems engineering process will be done should
Management IssuesManagement issues that show the specific procedures and products that will
pose special concerns for the development strateggnsure:
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» Requirements are understood prior to the flowAnalysis and Control:Planning should identify
down and allocation of requirements, those analysis tools that will be used to evaluate
alternative approaches, analyze or assess effective-
» Functional descriptions are established befor@ess, and provide a rigorous quantitative basis for
designs are formulated, selecting performance, functional and design
requirements. These processes can include trade
» Designs are formulated that are traceable tstudies, market surveys, modeling and simulation,
requirements, effectiveness analyses, design analyses, QFD,
design of experiments, and others.
» Methods exist to reconsider previous steps, and
Planning must identify the method by which
» \Verification processes are in place to ensure thatontrol and feedback will be established and
design solutions meet needs and requirementmaintained. The key to control is performance-
based measurement guided by an event-based
This planning area should address each step asdhedule. Entrance and exit criteria for the event
loop for each development phase, include identidriven milestones should be established sufficient
fication of the step specific tools (Functional Flowto demonstrate proper development progress has
Block Diagrams, Timeline Analysis, etc.) that will been completed. Event-based schedules and exit
be used, and establish the verification approackeriteria are further discussed later in this chapter.
The verification discussion should identify all Methods to maintain feedback and control are
verification activities, the relationship to formal developed to monitor progress toward meeting the
developmental T&E activities, and independentexit criteria. Common methods were discussed
testing activities (such as operational testing). earlier in this book in the chapters on metrics, risk
management, configuration management and
Norms of the particular technical area and thaechnical reviews.
engineering processes of the command, agency,
or company doing the tasks will greatly influenceDesign Considerationsin every system devel-
this area of planning. However, whatever proceopment there are usually technical activities that
dures, techniques, and analysis products or modelsquire special attention. These may come from
used, they should be compatible with the basicnanagement concerns, legal or regulatory direc-
principles of systems engineering management as/es, social issues, or organizational initiatives.
described earlier in this book. For example, a DoD program office will have to
conform to DoDD 5000.2-R, which lists several
An example of the type of issue this area wouldechnical activities that must be incorporated into
address is the requirements analysis during thihe development effort. DoD plans should specifi-
system definition phase. Requirements analysis isally address each issue presented in Part 4 of DoD
more critical and a more central focus during sys5000.2-R.
tem definition than in later phases. The establish-
ment of the correct set of customer requirementk the case of a contractor there may be issues
at the beginning of the development effort isdelineated in the contract, promised in the pro-
essential to proper development. Accordingly, theposal, or established by management that the tech-
system definition phase requirements analysigical effort must address. The system engineering
demands tight control and an early review to verifyplanning must describe how each of these issues
the requirements are established well enough twill be integrated into the development effort.
begin the design effort. This process of control
and verification necessary for the system defini-Organization
tion phase should be specifically described as part
of the overall requirements analysis process an8ystems engineering management planning should
procedures. identify the basic structure that will develop the
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system. Organizational planning should address
how the integration of the different technical dis-
ciplines, primary function managers, and other
stakeholders will be achieved to develop the
system. This planning area should describe how
multi-disciplinary teaming would be implemented,
that is, how the teams will be organized, tasked,
and trained. A systems-level team should be
established early to support this effort. Roless
authority, and basic responsibilities of the system-
level design team should be specifically described.
Establishing the design organization should be one
of the initial tasks of the system-level design teame
Their basic approach to organizing the effort should
be described in the plan. Further information on
organizing is contained in a later chapter.

Resources

The plan should identify the budget for the tech-
nical development. The funds required should be

Test and Evaluation Master Plan (TEMP) to
assure it complements the verification approach.
It should provide an integrated approach to
verify that the design configuration will meet
customer requirements. This approach should
be compatible with the verification approach
delineated in the systems engineering plan.

Configuration management plan to assure that
the development process will maintain the
system baselines and control changes to them,

Design plans (e.g., electrical, mechanical, struc-
tural, etc) to coordinate identification of IPT
team composition,

Integrated logistics support planning and
support analysis to coordinate total system
support,

Production/Manufacturing plan to coordinate

matrixed against a calendar schedule based on the activities concerning design producibility, and
event-based schedule and the strategy. This should follow-on production,

establish the basic development timeline with an
associated high-level estimated spending profiles
Short falls in funding or schedule should be
addressed and resolved by increasing funds,
extending schedule, or reducing requirements prior
to the plan preparation. Remember that future
analysis of development progress by managemenmt
will tend to be based on this budget “promised” at
plan inception.

16.3 INTEGRATION OF PLANS —
PROGRAM PLAN INTERFACES

Systems engineering management planning must
be coordinated with interfacing activities such as
the:

» Acquisition Strategy to ensure that technical
plans take into account decisions reflected ir
the Acquisition Strategy. Conflicts must be
identified early and resolved,

» Financial plan to assure resources match the

needs in the tech plan. Conflicts should be
identified early and resolved,
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Quality management planning to assure quality
engineering activities and the quality man-
agement functions are included in system
engineering planning,

Risk management planning to establish and
coordinate technical risk management to
support total program risk management,

Interoperability planning to assure interoper-
ability suitability issues are coordinated with
system engineering planning. (Where interop-
erability is an especially critical requirement
such as, communication or information sys-
tems, it should be addressed as a separate issue
with separate integrated teams, monitoring, and
controls), and

Others such as modeling and simulation plan,
software development plan, human integration
plan, environment, safety and health planning,
etc.
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Things to Watch For .

A well developed technical management plan will
include: .

The expected benefit to the user,

How a total systems development will be

How the concerns of the eight primary life cycle
functions will be satisfied,

How regulatory and contractual requirements
will be achieved, and

The feasibility of the plan, i.e., is the plan
practical and executable from a technical,

achieved using a systems engineering approach, schedule, and cost perspective.

How the technical plan complements and sup-

ports the acquisition or management busines$6.4 SUMMARY POINTS

plan,

How incremental reviews will assure that the
development stays on track,

How costs will be reduced and controlled, .

What technical activities are required and who
will perform them, .

How the technical activities relate to work
accomplishment and calendar dates,

How system configuration and risk will be
controlled,

How system integration will be achieved,
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Systems engineering planning should establish
the organizational structure that will achieve
the engineering objectives.

Planning must include event-based scheduling
and establish feedback and control methods.

It should result in important planning and
control documents for carrying out the
engineering effort.

It should identify the estimated funding and
detail schedule necessary to achieve the strategy.

Systems engineering planning should establish
the proper relationship between the acquisition
and technical processes.
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APPENDIX A

SCHEDULES

The event-based schedule, sometimes referred Tthe program office develops an event-based
as the Systems Engineering Master Schedulschedule that represents the overall development
(SEMS) or Integrated Master Schedule (IMS) is affort. This schedule is usually high-level and
technical event driven (not time driven) planfocused on the completion of events that support
primarily concerned with product and processthe acquisition milestone decision process. An
development. It forms the basis for schedule conevent-based schedule is developed by the contrac-
trol and progress measurement, and relatet®r to include significant accomplishments that
engineering management events and accomplisimust be completed in order to meet the progress
ments to the WBS. These events are identifiedequired prior to contract established events. The
either in the format of entry and exit events (e.gcontractor also includes events, accomplishments,
initiate PDR, complete PDR) or by using entryand associated success criteria specifically identi-
and exit criteria for each event. Sample exit criteridied by the contract. DoD program offices can use

shown in Figures 16-1 and 16-2. the contractor’'s event-based schedule and the
System Functional Critiecal Des Review
System Requirements Review/Software Spec Preliminary Design Test Readiness Review
Review (SRR) Review(SFR/SSR) Review (PDR) (CDR/TRR)
¢ Mission Analysis « Installed environments » Design analyses/definition « Parts, materials, processes
completed defined completed selected
« Support Strategy defined « Maintenance concept * Material/parts characteriza- | « Development tests
- System options decisions defined tion completed completed
completed ¢ Preliminary design criteria » Design maintainability « Inspection points/criteria
- Design usage defined established anal)_/sis completgd/support completed
+ Op performance regmt * Preliminary design margins requirements defined » Component level FMECA
defined established * Preliminary production plan completed
+ Manpower sensitivities * Interfaces defined/ completed * Repair level analysis
completed preliminary interface specs | I\_/Iak_e/buy decisions completed
« Operational architecture completed finalized * Facility requirements
available and reviewed « Software and software * Breadboard investigations defined
support requirements completed - Software test descriptions
completed « Coupon testing completed completed
» Baseline support/resources | « pesign margins completed « Hardware and software

requirements defined Preliminary FMECA hazard analysis completed
Support equipment completed Firmware spt completed

capab-|||ty def|qed Software functions and Software programmers
Technical architecture architecture and support maual completed

prepared defined Durability test completed

+ System defined and + Maintenance tasks trade « Maintinability analyses
re%glrerglents shown to be studies completed completed
achievable :

* Support equipment « Qualification test proce-
development specs dures approved
completed « Producibility analyses

completed

Figure 16-1. Sample Event-Based Schedule Exit Criteria
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System Verfication Review/
Functional Configuration Audit Physical Configuration Audit
(SVRIFCA) (PCA)

« All verification tasks completed

Qualification testing completed
 Durability tests completed * All QA provisions finalized

» Long lead time items identified + All manufacturing process requirements and

. . documentation finalized
» PME and operational training completed

» Product fabrication specifications finalized
» Tech manuals completed

. » Support and training equipment qualification
* Flight test plan approved completed

* Support and training equipment developed  All acceptance test requirements completed

* Fielding analysis completed * Life management plan completed

* Provisioning data verified » System support capability demonstrated
 Post production support analysis completed

 Final software description document and all
user manuals complete

Figure 16-2. Sample Event-Driven Schedule Exit Criteria  (continued)

contractor’s conformance to it for several purposesshow when each significant accomplishment must
source selection, monitoring contractor progresshe achieved. It is a key component for developing
technical and other reviews, readiness for optioftarned Value metrics. The calendar schedule is
award, incentives/awards determination, progressommonly referred to as the detail schedule, sys-
payments decision, and similar activities. tems engineering detail schedule, or SEDS. The
contractor is usually required to maintain the rela-
The event-based schedule establishes the key p@snship between the event and calendar sched-
rameters for determining the progress of a develles for contract required activities. Figure 16-3
opment program. To some extent it controls andhows the relationship between the system require-
interfaces with systems engineering managemements, the WBS, the contractual requirements, the
planning, integrated master schedules and inteevent-based schedule, and the detail schedule.
grated master plans, as well as risk management
planning, system test planning, and other key planSchedule Summary
which govern the details of program management.
The event-based schedule establishes the key tasks
The calendar or detail schedule is a time-basednd results expected. The event-based schedule
schedule that shows how work efforts will sup-establishes the basis for a valid calendar-based
port tasks and events identified in the event-base@etail) schedule.
schedule. It aligns the tasks and calendar dates to
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System Spec
Air Vehicle

WBS Elements

SOO/SOWTask |

I 1600 Aircraft Subsystems I
|

11610 Landing Gear Systems |

1600 Aircraft Subsystems

1610 Landing Gear Systems

31 Aircraft Subsystems (WBS 1600)

Conduct a development program to
— include detailed design, manufacture,
assembly, and test of all aircraft subsystems

Earned

L Value Reports

Significant Accomplishments

Events

Accomplishment Criteria

1. Preliminary Design Complete

PDR

1.

b.

a. Duty Cycle Defined
Preliminary Analysis Complete/Rev'd
c. Preliminary Drawings Released

'

Detailed Tasks

19XX 19XY 19Xz

1. Preliminary Design Complete
Duty Cycle Define

Program Events:

PDR CDR

Figure 16-3. Izvent-Based—Detailed Schedule Interrelationships
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CHAPTER 17

PRODUCT IMPROVEMENT
STRATEGIES

17.1 INTRODUCTION » Safety issues requiring replacement of unsafe
components, and
Complex systems do not usually have stagnant
configurations. A need for a change during a Service life extension programs that refurbish
system’s life cycle can come from many sources and upgrade systems to increase their service life.
and effect the configuration in infinite ways. The
problem with these changes is that, in most casda DoD, the 21st century challenge will be
it is difficult, if not impossible, to predict the nature improving existing products and designing new
and timing of these changes at the beginning ofnes that can be easily improved. With the aver-
system development. Accordingly, strategies omage service life of a weapons system in the area of
design approaches have been developed to redu4@ or more years, it is necessary that systems be
the risk associated with predicted and unknowrdeveloped with an appreciation for future require-
changes. ments, foreseen and unforeseen. These future
requirements will present themselves as needed
Well thought-out improvement strategies can helpupgrades to safety, performance, supportability,
control difficult engineering problems related to: interface compatibility, or interoperability; changes
to reduce cost of ownership; or major rebuild.
* Requirements that are not completely underProviding these needed improvements or correc-
stood at program start, tions form the majority of the systems engineer’s
post-production activities.
» Technology development that will take longer
than the majority of the system development,
17.2 PRODUCT IMPROVEMENT
» Customer needs (such as the need to combata STRATEGIES
new military threat) that have increased, been
upgraded, are different, or are in flux, As shown by Figure 17-1, these strategies vary
based on where in the life cycle they are applied.
* Requirements change due to modified policy,The strategies or design approaches that reflect
operational philosophy, logistics supportthese improvement needs can be categorized as
philosophy, or other planning or practices fromplanned improvements, changes in design or
the eight primary life cycle function groups, production, and deployed system upgrades.

» Technology availability that allows the systemPlanned Improvements
to perform better and/or less expensively,
Planned improvements strategies include evolu-
» Potential reliability and maintainability up- tionary acquisition, pre-planned product develop-
grades that make it less expensive to usanent, and open systems. These strategies are not
maintain, or support, including development ofexclusive and can be combined synergistically in
new supply support sources, a program development.
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Deployment

Planned Improvement

A

Design Changes

T

Production
Modifications

Upgrades
|

Integrated Inputs of all Functional Disciplines

Figure 17-1. Types of Product Improvement Strategies

Requirements Analysis
e General for the System
» Specific for the Core

;‘| Customer
J

Define — FUND — Develop — Operationally Test CORE

| Concept of Operations

Architecture

| >[Refine and Update

Requirements
Block A

Define — FUND — Develop — Operationally Test Block A

)

CORE
B|C

on P31

___________ continue ‘“as required _JLC EA Guide

F--»

“-

Flexible/Incremental ORD, TEMP, etc.

Feedback
¢ “Managed”
Brelimi by Req
reliminary Ana|ysi3
CQRE System

“The lack of specificity
and detail in identifying the final
system capability is what
distinguishes Evolutionary
Acquisition from an
acquisition strategy based

Figure 17-2. E=volutionary Acquisition
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Evolutionary Acquisition: Evolutionary acquisi- Preplanned Product Improvemen®ften referred
tion is an appropriate strategy where a cordo as P3lI, preplanned product improvement is an
requirement can be identified, but requirementsappropriate strategy when requirements are known
or technology growth is expected. Figure 17-2and firm, but where constraints (typically either
illustrates the concept. The core is designed antkchnology or budget) make some portion of the
built, but follow-on versions of the system include system unachievable within the schedule required.
block upgrades as more is learned about requirdfit is concluded that a militarily useful capability
ments and technology. Two key characteristics ofan be fielded as an interim solution while the
this approach are requirements flexibility and budportion yet to be proceeds through development,
get constraints. Requirements are refined periodithen P3l is appropriate. The approach generally is
cally in response to technology, user feedback, antd handle the improvement as a separate, parallel
budget opportunities. These programs require corttevelopment; initially test and deliver the system
tinual study of ways to increase or optimize thewithout the improvement; and prove and provide
system capability within budget, and continualthe enhanced capability as it becomes available.
prioritization of possible upgrades. The decisionThe key to a successful pre-planned product
of what upgrades are appropriate is combined witimprovement is the establishment of well-defined
the decision of what annual budget is available ointerface requirements for the system and the improv-
obtainable. Evolutionary acquisition requires plan-ement. Use of a pre-planned product improvement
ning for incremental upgrades throughout designwill tend to increase initial cost, configuration
and production. To achieve this the system isnanagement activity, and technical complexity.
designed for change flexibility using techniquesFigure 17-3 shows some of the considerations in
such as open systems, modular designs, componatgciding when it is appropriate.

replacement, and the like.

P3|
@oe/ \

Q C
O/VS

* Responsive to threat changes

* Accommodates future technology
* IOC can be earlier

* Reduced development risk )
« Possible subsystem competition * Longer Range Planning

« Increased effective operational life * Parallel Efforts _
 Standards and Interface Capacity

* Modular Equipment/Open Systems

Acquisition Issues

The P3l acquisition
management challenge is to acquire
systems with interfaces and accessibility
as an integral part of the design so that
he deferred element(s) can be incorporated
in a cost-effective manner when they
become available.

« Increased initial development cost

« Increased technical requirements
complexity

* More complex CM

 Sensitive to funding streams

 Parallel development management

Figure 17-3. IPre-Planned Product Improvement
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Open Systems Approaciihe open system design manuals, supply documentation, training, and
approach uses interface management to builcestrictions as to locations or activities where the
flexible design interfaces that accommodate ussystem can be assigned.

of competitive commercial products and provide

enhanced capacity for future change. It can be usddeployed Systems Upgrades

to prepare for future needs when technology is yet

not available, whether the operational need idMajor Rebuild: A major rebuild results from the
known or unknown. The open systems focus is tmeed for a system that satisfies requirements sig-
design the system such that it is easy to modifynificantly different or increased from the existing
using standard interfaces, modularity, recognize@dystem, or a need to extend the life of a system
interface standards, standard components witthat is reaching the end of its usable life. In both
recognized common interfaces, commercial andases the system will have upgraded requirements
non-developmental items, and compartmentalizednd should be treated as basically a new system
design. Open system approaches to design adevelopment. A new development process should

further discussed at the end of this chapter. be started to establish and control configuration
baselines for the rebuilt system based on the
Changes in Design or Production updated requirements.

Engineering Changes (ECP)Changes that are Major rebuilds include re-manufacturing, service-
to be implemented during the development andife extension programs, and system developments
production of a given system are typically initi- where significant parts of a previous system will
ated through the use of engineering change prdse reused. Though rebuilding existing systems can
posals (ECPs). If the proposed change is approvattamatically reduce the cost of a new system in
(usually by a configuration control board) thesome cases, the economies of rebuild can be
changes to the documentation that describes traeceiving, and the choice of whether to pursue a
system are handled by formal configurationrebuild should be done after careful use of trade
management, since, by definition, ECPs, wherstudies. The key to engineering such systems is to
approved, change an approved baseline. ECRemember that they are new systems and require
govern the scope and details of these changethe full developmental considerations of
ECPs may address a variety of needs, includinbaselining, the systems engineering process, and
correction of deficiencies, cost reduction, andife cycle integration.
safety. Furthermore, ECPs may been assigned dif-
fering levels of priority from routine to emergency. Post-Production Improvementin general, prod-
MIL-HDBK-61, Configuration Management uct improvements become necessary to improve
Guidance, offers an excellent source of advice othe system or to maintain the system as its com-
issues related to configuration changes. ponents reach obsolescence. These projects gen-
erally result in an capability improvement, but for
Block Change before DeploymerBlock changes all practical purposes the system still the serves
represent an attempt to improve configuratiorthe same basic need. These improvements are usu-
management by having a number of changeally characterized by an upgrade to a component
grouped and applied such that they will apply coner subsystem as opposed to a total system upgrade.
sistently to groups (or blocks) of production items.Block Upgrades: Post-production block upgrades
This improves the management and configuratiomre improvements to a specific group of the system
control of similar items substantially in compari- population that provides a consistent configura-
son to change that is implemented item by itention within that group. Block upgrades in post-
and single change order by single change ordeproduction serve the same general purpose of
When block changes occur, the life cycle impactontrolling individual system configurations as
should be carefully addressed. Significant differproduction block upgrades, and they require the
ences in block configurations can lead to differensame level of life cycle integration.
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Modifying an Existing System operational need, the system will probably not be-
come available for modification at the time agreed
Upgrading an existing system is a matter of folto. Planning and contractual arrangements must
lowing the system engineering process, with arbe flexible enough to accept unforeseen schedule
emphasis on configuration and interface managezhanges to accommodate user’'s unanticipated
ment. The following activities should be includedneeds.
when upgrading a system:
Configuration and interface managemen€on-
» Benchmark the modified requirements both forfiguration management must address three
the upgrade and the system as a whole, configurations: the actual existing configuration,
the modification configuration, and the final
» Perform functional analysis and allocation onsystem configuration. The key to successful modi-
the modified requirements, fication is the level of understanding and control
associated with the interfaces.
» Assess the actual capability of the pre-upgrade
system, Logistics compatibility problemsModification
will change the configuration, which in most cases
« |dentify cost and risk factors and monitor them,will change the supply support and maintenance
considerations. Coordination with the logistics
 Develop and evaluate modified systemcommunity is essential to the long-term operational
alternatives, success of the modification.

» Prototype the chosen improvement alternativeMinimal resources availableModifications tend

and to be viewed as simple changes. As this chapter
has pointed out, they are not, and they should be
» Verify the improvement. carefully planned. That planning should include

an estimate of needed resources. If the resources
Product improvement requires special attention tare not available, either the project should be
configuration and interface management. It is noabandoned, or a plan formulated to mitigate and
uncommon that the existing system’s configuracontrol the risk of an initial, minimal budget
tion will not be consistent with the existing con- combined with a plan for obtaining additional
figuration data. Form, fit, and especially functionresources.
interfaces often represent design constraints that
are not always readily apparent at the outset of Bimited competitorsOlder systems may have only
system upgrade. Upgrade planning should ensui few suppliers that have a corporate knowledge
that the revised components will be compatible abf the particular system functions and design. This
the interfaces. Where interfaces are impacteds especially problematic if the original system
broad coordination and agreement is normallycomponents were commercial or non-developmen-

required. tal items that the designer does not have product
baseline data for. In cases such as these, there is a
Traps in Upgrading Deployed Systems learning process that must take place before the

designer or vendor can adequately support the
When upgrading a deployed system pay attentiomodification effort. Depending on the specific
to the following significant traps: system, this could be a major effort. This issue

should be considered very early in the modification
Scheduling to minimize operational impact§he  process because it has serious cost implications.
user's operational commitments will dictate the
availability of the system for modification. If the Government funding rulesAs Figure 17-4 shows
schedule conflicts with an existing or emergingthe use of government funding to perform system
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Funding restrictions ($ color) drive the need to separate
performance increase from supportability changes
r MOD No System No
Increases ——————————— P In
Performance Production
Fund l Yes l Yes
development | RDT&E $ s | Procurement $ s | | 0&M $ s
and test
with...
MOD Kit
Fabricated
Fund mod
kit with... | Procurement $ s |
Installed
Fund
installation
with... | Procurement $ s |
Product improvement planning must be driven by
risk management, not by $ color or calendar!

Figure 17-4. Funding Rule for DoD System Upgrades

upgrades has restrictions. The purpose of the ugontractor responsibilities are established by the
grade must be clear and justified in the planningontract, but would normally include:
efforts.

» Technical planning related to execution,

17.3 ROLES AND RESPONSIBILITIES

Maodification management is normally a joint gov- ¢
ernment and contractor responsibility. Though any
specific system upgrade will have relationshipe

established by the conditions surrounding the par-

ticular program, government responsibilities would
usually include:

ments,

Planning related to government functions,

Managing external interfaces,

Managing the functional baseline configuration,s
and

Verifying that requirements are satisfied.
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Defining the new performance envelope,
Designing and developing modifications, and

Providing evidence that changes made have
modified the system as required.

System Engineering Role

Providing a clear statement of system requireThe systems engineering role in product improve-
ment includes:

Planning for system change,
Applying the systems engineering process,
Managing interface changes,

Identifying and using interface standards which
facilitate continuing change,
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» Ensuring life cycle management is imple-+« Planned improvements strategies include
mented, evolutionary acquisition, pre-planned product
development, and open systems.
» Monitoring the need for system modifications,
and * A major rebuild should be treated as a new
system development.
» Ensuring operations, support activities, and
early field results are considered in planning. « Upgrading an existing system is a matter of
following the system engineering process, with
an emphasis on configuration and interface
17.4 SUMMARY POINTS management.

» Complex systems do not usually have stagnant Pay attention to the traps. Upgrade projects have
configurations. many.
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SUPPLEMENT A

OPEN SYSTEM APPROACH

The open system approach is a business ardksign, and design for upgrade. As a technical
technical approach to system development thapproach it supports the engineering goals of
results in systems that are easier to change design flexibility, risk reduction, configuration
upgrade by component replacement. It is a systemontrol, long-term supportability, and enhanced
development logic that emphasizes flexibleutility.
interfaces and maximum interoperability, optimum
use of commercial competitive products, andOpen Systems Initiative
enhanced system capacity for future upgrade. The
value of this approach is that open systems hav@ DoD the open system initiative was begun as a
flexibility, and that flexibility translates into result of dramatic changes in the computer industry
benefits that can be recognized from businesshat afforded significant advantages to design of
management, and technical perspectives. C4ISR and IT systems. The standardization
achieved by the computer industry allows C4ISR
From a management and business view, the opeand IT systems to be designed using interface
system approach directs resources to a morgandards to select off-the-shelf components to
intensive design effort with the expectation of aform the system. This is achieved by using
life cycle cost reduction. As a business approachommercially-supported specifications and
it supports the DoD policy initiatives of CAIV, standards for specifying system interfaces (exter-
increased competition, and use of commerciahal and internal, functional and physical), prod-
products. Itis a technical approach that emphasizegts, practices, and tools. An open system is one
systems engineering, interface control, modulam which interfaces are fully described by open

Operational
Architecture
Developed
High-Level System Technical
R Architecture P Architecture
Developed Developed

v

Complete System
} Architecture
Developed

L’ Implementation

Figure 17-5. C4l and IT Development
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Application Software

APl and Compile

Operating System

Drivers and Compiler

Processor

Module Hardware
Module I/O

Backplane

Figure 17-6. Simplified Computer Resource Reference Model

standard$ An open system approach extends thisarchitecture. It is usually left to the developer to
concept further by using modular design andassemble and structure the information as part of
interface design to enhance the availability ofthe system definition requirements analysis. Once
multiple design solutions, especially those reflectthe operational architecture has clearly defined the
ing use of open standards, competitive commemperational need, development of a system
cial components, non-developmental items, andrchitecturéis begun.
future upgrade capability.

The (open) system architecture is a set of descrip-
As developed in the C4ISR and IT communitiestions, including graphics, of systems and intercon-
the open system approach requires the design akctions supporting the operational functions
three architectures: operational, technical, andescribed in the operational architecture. Early in
system. the (open) system architecture development a

technical architecture is prepared to establish a set
As shown in Figure 17-5, the first one prepared i®f rules, derived from open consensus-based
an operational architecture that defines the task&dustry standards, to govern the arrangement,
operational elements, and information flowsinteraction, and interdependence of the elements
required to accomplish or support an operationabf a reference model. Reference models are a com-
function. The user community generates themon conceptual framewaork for the type of system
operational concepts that form an operationabeing designed. (A simple version for computer
architecture. The operational architecture igesources is shown in Figure 17-6.)
allusive. It is not a specific document required to
be developed by the user such as the ORD; buthe technical architecture identifies the services,
because of their operational nature, the user musiterfaces, standards, and their relationships; and
provide the components of the operationalprovides the technical guidelines upon which

1 Open Standards are non-proprietary, consensus-based standards widely accepted by industry. Examples include SAE, IEEE, and ISO
standards.

2 This system architecture typically describes the end product but not the enabling products. it relies heavily on intetiface tdef
describe system components.
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engineering specifications are based, commo@pen Systems Products and
building blocks are built, and product lines areSE Development Phasing
developed. In short, the technical architecture
becomes a design requirement for developing thA system is developed with stepped phases that
system. (The purpose, form, and function of theallow an understanding of the operational need to
technical architecture is similar to building codes.)eventually evolve into a design solution. Though
some tailoring of this concept is appropriate, the
The system architecture is then further developetasic phasing (based on the operational concept
to eventually specify component performance angreceding the system description, which precedes
interface requirements. These are then used the preliminary design, which precedes the detailed
select the specific commercial components thatlesign) is necessary to coordinate the overall
form the system under development. This processlesign process and control the requirements flow-
called animplementationenvisions the produc- down. As shown by Figure 17-7 the open system
tion process as consisting primarily of selectingapproach blends well with these development
components, conformance (to the interface anghases.
performance requirements) management, and
assembly, with little or no need for detailed desigrConcept Studies Phas@perational Architecture
fabrications. The initial detailed operational concept, includ-
ing operational architectures, should be a user-
The process described above has allowed signiftommunity output (with some acquisition engi-
cant achievements in computer related develomeering assistance) produced during the concept
ments. Other technical fields have also used thexploration phase that emphasizes operational
open system design approach extensively. (Conconcepts associated with various material solu-
mon examples are the electrical outlets in youtions. The operational concept is then updated as
home and the tire-to-wheel interface on your car)necessary for each following phase. Analysis of
In most cases the process is not as well defined aise initial operational concept should be a key
it is in the current digital electronics area. A con-element of the operational view output of the
sistent successful use of the open design concelystem definition phase requirements analysis. An
in and outside the electronics field, requires aroperational architecture developed for supporting
understanding of how this process relates to ththe system description should be complete, com-
activities associated with systems engineeringrehensive, and clear; and verified to be so at the

management. Alternative Systems Review. If the operational
architecture cannot be completed, then a core
Systems Engineering Management operational capability must be developed to

establish the basis for further development. Where
The open system approach impacts all threa core capability is used, core requirements should
essential elements of systems engineering matre complete and firm, and the process for adding
agement: systems engineering phasing, the syexpanded requirements should be clear and
tems engineering process, and life cycle considecontrolled.
ations. It requires enhanced interface management
in the systems engineering process, and requiredystem Definition Phase
specific design products be developed prior to en-
gineering-event milestones. The open systemSystem interface definitions, such as the technical
approach is inherently life cycle friendly. It architecture, and high-level (open) system archi-
favorably impacts production and support func-tecture should be complete in initial form at the
tions, but it also requires additional effort to assurend of the system definition phase (along with
life cycle conformance to interface requirementsother functional baseline documentation). Success-
ful completion of these items is required to per-
form the preliminary design, and they should be
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Concept Studies Detailed Operational Concept (Operational Architecture)

A o and a High-Level WBS or Reference Model Available
\ at the Alternative Systems Review

DESIGN DEFINITION

System Definition
(Functional Baseline)

A A >
System Definition, WBS or Reference Model,
Technical Architecture, and a High-Level
System Architecture Available
. . at the System Functional Review
Detailed Operational Concept
(Operational Architecture)
Reviewed and Verified Prior to DESIGN DEFINITION Preliminary Design
the System Requirements Review (Allocated Baseline)
A g
Subsystems/ClI Definitions, System-Wide / \ | |
Interface Requirements, and Complete DESIGN DEFINITION Detail Design
System Architecture Available at the ¥ (Product Baseline)
Preliminary Design Review ﬂ >

Implementation

Figure 17-7. Phasing of Open System Development

available for the System Functional Review, alsdhe open system approach has the most impact.
referred to as the System Definition Review orinterface control should be enhanced and focused
System Design Review. The open system docwen developing modular designs that allow for
mentation can be separate or incorporated in oth@aximum interchange of competitive commercial
functional baseline documentation. The criteria foproducts. Review of the technical architecture (or
acceptance should be established in the systeriiderface definitions) becomes a key element of
engineering management plan as phase-exit criteriggquirements analysis, open system focused func-

tional partitioning becomes a key element of
Preliminary Design Phase functional analysis and allocation, iterative analy-

sis of modular designs becomes a key element of
Along with other allocated baseline documentadesign synthesis, and conformance management
tion, the interface definitions should be updatedecomes a key element of verification. Open
and the (open) system architecture completed bgystem related products, such as the technical
the end of the preliminary design effort. Thisarchitecture, interface management documentation,
documentation should also identify the proper levend conformance management documentation,
of openness (that is, the level of system decompeshould be key data reviewed at the Preliminary
sition at which the open interfaces are established)esign Review. Again, the criteria for acceptance
to obtain the maximum cost and logistic advantagehould be established in the systems engineering
available from industry practice. management plan as phase-exit criteria.

The preliminary design establishes performancebetail Design Phase

based descriptions of the system components, as

well as the interface and structure designs thathe detail design phase becomes the implementa-
integrate those components. It is in this phase théion for those parts of the system that have achieved
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open system status. Conformance managemedefinitions generated as output from previous
becomes a significant activity as commercial comsystems engineering processes. Functional analy-
ponents are chosen to meet performance argis and allocation focuses on functional partition-
interface requirements. Conformance and interfacing to identify functions that can be performed
design testing becomes a driving activity duringindependent of each other in order to minimize
verification to assure an open system or subsystefanctional interfaces. Design synthesis focuses on
has been achieved and that components selectetbdular design with open interfaces, use of open
meet interface requirements and/or standards. standards compliant commercial products, and the
development of performance and interface speci-
Systems Engineering Process fications. The verification processes include
conformance testing to validate the interface
The systems engineering problem solving procesequirements are appropriate and to verify com-
consists of process steps and loops supported Ippnents chosen to implement the design meet the
system analysis and control tools. The focus ointerface requirements. Engineering open designs,
the open systems engineering process is compattien, does not alter the fundamental practices
mentalized design, flexible interfaces, recognizedvithin systems engineering, but, rather, provides
interface standards, standard components with specific focus to the activities within that process.
recognized common interfaces, use of commer-
cial and non-developmental items, and an increaseslystem Engineering Control:
emphasis on interface control. As shown by Figinterface Management
ure 17-8, the open-system approach complements
the systems engineering process to provide amhe key to the open systems engineering process
upgradeable design. is interface management. Interface management
should be done in a more formal and comprehen-
Requirements analysis includes the review andive manner to rigidly identify all interfaces and
update of interface standards and other interfaceontrol the flowdown and integration of interface

Requirements

- Analysis

IPPD Interface
Develop A
Produce

Deploy > Functional Analysis
Support and Allocation

Operate . o

Dispose Functional Partitioning

Test

Train

Verification Design Synthesis
Test of Interfaces / Open Flexible Designs
and Interface Standards

Figure 17-8. Open System Approach to the Systems Engineering Process
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requirements. The interfaces become controlledifferent planes using common building blocks
elements of the baseline equal to (or considere@which, in essence, serve as the reference model
part of) the configuration. Open system interfacdor the family of aircraft.) The open system
management emphasizes the correlation of inteapproach designed segments of a larger system
face requirements between interfacing systemsould have additional openness at a lower level.
(Do those designing the interfacing systemd~or example, the Advanced Amphibious Assault
understand the interface requirements in the sam\éehicle engine compartment is an open approach
way?) Computer-Aided System Engineeringdesign allowing for different engine installation
(CASE) generated schematic block diagrams caand future upgrade capability. On a lower level
be used to track interface design activity. within the compartment the fuel filters, lines, and
connectors are defined by open standard based
An open system is also characterized by multiplénterfaces. Other systems will define openness at
design solutions within the interfaces with empha-other levels. Program objectives (such as
sis on leveraging best commercial practice. Thénteroperability, upgrade capability, cost-effective
interface management effort must control interfacesupport, affordability, and risk reduction) and
design such that interfaces specifically chosen foindustry practice (based on market research) drive
an open system approach are designed based the choice of the level of openness that will best
the following priority: assure optimum utility and availability of the open
system approach.
» Open standards that allow competitive products,
Life Cycle Considerations
» Open interface design that allows installation
of competitive products with minimal change, Life cycle integration is established primarily
through the use of integrated teaming that com-
» Open interface design that allows minimalbines the design and life cycle planning. The ma-
change installation of commercial or NDI prod- jor impacts on life cycle activity include:
ucts currently or planned to be in DoD use, and
last, » Time and cost to upgrade a system is reduced.
It is common in defense systems, which have
» Unique design with interfaces designed with average life spans in excess of 40 years, that

upgrade issues considered. they will require upgrade in their life due to
obsolescence of original components, threat
Note that these are clear priorities, not options.  increase, and technology push that increases
economy or performance. (Most commercial
Level of Openness products are designed for a significantly shorter

life than military systems, and designs that rely
The level at which the interface design should focus on these commercial products must expect that
on openness is also a consideration. Each system original commercial components will not
may have several levels of openness depending on necessarily be available throughout the system’s
the complexity of the system and the differences life cycle.) By using an open system approach
in the technology within the system. The level the ability to upgrade a system by changing a
chosen to define the open interfaces should be single or set of components is greatly enhanced.
supported by industry and be consistent with In addition, the open system approach eases
program objectives. For example, for most digital the design problem of replacing the component,
electronics that level is the line-replaceable (LRU) thereby reducing the cost and schedule of up-
and shop-replaceable (SRU) level. On the other grade, which in turn reduces the operational
hand the Joint Strike Fighter intends to establish impact.
openness at a very high subsystem level to achieve
a major program objective, development of
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* An open system approach enhances the use of process that tracks the interface requirements
competitive products to support the systéhis through the life cycle, and assures that the new
flexibility tends to reduce the cost associated product meets those requirements.
with supply support, but more importantly
improves component and parts availability. Summary Comments

» Conformance management becomes a part ddpen system design is not only compatible with
the life cycle configuration procesReplace- systems engineering; it represents an approach that
ment of components in an open system mustnhances the overall systems engineering effort.
be more controlled because the government hds controls interfaces comprehensively, provides
to control the system configuration without con-interface visibility, reduces risk through multiple
trolling the detail component configuration design solutions, and insists on life cycle inter-
(which will come from multiple sources, all face control. This emphasis on interface identifi-
with different detail configurations.) The gov- cation and control improves systems engineers’
ernment must expect that commercial suppli-capability to integrate the system, probably one of
ers will control the design of their componentsthe hardest jobs they have. It also improves the
without regard to the government’s systemstracking of interface requirements flow down,
The government therefore must use perforanother key job of the systems engineer. Perhaps
mance- and interface-based specifications taost importantly, this rigorous interface manage-
assure the component will provide servicement improves systems engineers’ ability to
equivalent to that approved through the acquicorrectly determine where commercial items can
sition process. Conformance management is thiee properly used.
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CHAPTER 18

ORGANIZING AND INTEGRATING
SYSTEM DEVELOPMENT

18.1 INTEGRATED DEVELOPMENT Benefits

DoD has, for years, required that system designshe expected benefits from team-based integration
be integrated to balance the conflicting pressuranclude:

of competing requirements such as performance,

cost, supportability, producibility, and testability. « Reduced rework in design, manufacturing,
The use of multi-disciplinary teams is the approach planning, tooling, etc.,

that both DoD and industry increasing have taken

to achieve integrated designs. Teams have been Improved first time quality and reduction of
found to facilitate meeting cost, performance, and product variability,

other objectives from product concept through

disposal. * Reduced cost and cycle time,

The use of multi-disciplinary teams in design iss Reduced risk,

known as Integrated Product and Process Devel-

opment, simultaneous engineering, concurrent Improved operation and support, and
engineering, Integrated Product Development,

Design-Build, and other proprietary and non-pro-» General improvement in customer satisfaction
prietary names expressing the same concept. (The and product quality throughout its life cycle.
DoD use of the term Integrated Product and Pro-

cess Development (IPPD) is a wider concept thaCharacteristics

includes the systems engineering effort as an ele-

ment. The DoD policy is explained later in thisThe key attributes that characterize a well
chapter.) Whatever name is used, the fundamentaitegrated effort include:

idea involves multi-functional, integrated teams

(preferably co-located), that jointly derive require- Customer focus,

ments and schedules that place equal emphasis on

product and process development. The integration Concurrent development of products and
requires: processes,

* Inclusion of the Eight Primary Functions inthes Early and continuous life cycle planning,
team(s) involved in the design process,
» Maximum flexibility for optimization,
» Technical process specialties such as quality,
risk management, safety, etc., and * Robust design and improved process capability,

» Business processes (usually in an advisory Event-driven scheduling,

capacity) such as, finance, legal, contracts, and
other non-technical support. » Multi-disciplinary teamwork,
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* Empowerment, tical and horizontal communication during the
development process. Figure 18-1 shows how team
» Seamless management tools, and structuring is usually done. At the system level

there is usually a management team and a design
» Proactive identification and management ofteam. The management team would normally con-

risk. sist of the government and contractor program
managers, the deputy program manager(s), possi-
Organizing for System Development bly the contractor CEO, the contracting officer,

major advisors picked by the program manager,
Most DoD program offices are part of a Progranthe system design team leader, and other key mem-
Executive Office (PEO) organization that is usu-bers of the system design team. The design team
ally supported by a functional organization, suchusually consists of the first-level subsystem and
as a systems command. Contractors and other gdife-cycle integrated team leaders.
ernment activities provide additional necessary
support. Establishing a system development orgaFhe next level of teams is illustrated on Figure
nization requires a network of teams that draw fron18-1 as either product or process teams. These
all these organizations. This network, sometimeseams are responsible for designing system seg-
referred to as the enterprise, represents the intaments (product teams) or designing the support-
ests of all the stakeholders and provides verticahg or enabling products (process teams.) At this
and horizontal communications. level the process teams are coordinating the sys-

tem level process development. For example, the
These integrated teams are structured using trmupport team will integrate the supportability
WBS and designed to provide the maximum veranalysis from the parts being generated in lower

System Level
Management Team
System Level Sub-Tier Teams
LG D (Sub-Product or
Process Oriented
Product A Team Product B Team Process 1 Team Process 2 Team
WBS 1.0 WBS 2.0 WBS 3.0 WBS 4.0
Sub-Product Sub-Product Sub-Process Sub-Process>
2.1 2.3 4.1 4.3
Sub-Product Sub-Process
2.2 4.2 v
Sub-Product Sub-Product Sub-Process Sub-Process
221 222 421 4.2.2

Figure 18-1. Integrated Team Structure
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level design and support process teams. Teantecisions incorporate the concerns of lower level
below this level continue the process at a loweteams.
level of decomposition. Teams are formed only to
the lowest level necessary to control the integraThe normal method to obtain horizontal commu-
tion. DoD team structures rarely extend lower thamication is shown in Figure 18-2. At least one team
levels three or four on the WBS, while contractormember from the Product A Team is also a member
teams may extend to lower levels, depending oof the Integration and Test Team. This member
the complexities of the project and the approachvould have a good general knowledge of both
favored by management. testing and Product A. The member’s job would
be to assist the two teams in designing their end
The team structure shown by Figure 18-1 is ar enabling products, and in making each under-
hierarchy that allows continuous vertical commu-stand how their decisions would impact the other
nication. This is achieved primarily by having theteam. Similarly, the member that sits on both
team leaders, and, if appropriate, other keyroduct A and B teams would have to understand
members of a team, be team members of the nettie both technology and the interface issues
highest team. In this manner the decisions of thassociated with both items.
higher team is immediately distributed and
explained to the next team level, and the decisionEhe above is an idealized case. Each type of sys-
of the lower teams are presented to the higher teatam, each type of contractor organization, and each
on a regular basis. Through this method decisionkevel of available resources requires a tailoring of
of lower level teams follow the decision making this structure. With each phase the focus and the
of higher teams, and the higher level teamstasks change and so should the structure. As phases

Product A
Team

Integration
and
Test Team

Product B
Team

Figure 18-2. (Cross Membership
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are transited, the enterprise structure and team You should limit over-uses of cross member-
membership should be re-evaluated and updated. ship. Limit membership on three or four teams
as a rough rule of thumb for the working level,
and
18.2 INTEGRATED TEAMS
» Ensure appropriate representation of govern-
Integrated teams are composed of representatives ment, contractor, and vendors to assure
from all appropriate primary functional disciplines  integration across key organizations.
working together with a team leader to:
Team Development
» Design successful and balanced products,
When teams are formed they go through a series
» Develop the configuration for successful life- of phases before a synergistic self-actuating team

cycle control, is evolved. These phases are commonly referred

to as forming, storming, norming and perform-

 ldentify and resolve issues, and ing. The timing and intensity of each phase will
depend on the team size, membership personality,

» Make sound and timely decisions. effectiveness of the team building methods

employed, and team leadership. The team leaders
The teams follow the disciplined approach of theand an enterprise-level facilitator provide
systems engineering process starting with requirdeadership during the team development.
ments analysis through to the development of con-
figuration baselines as explained earlier in thidFormingis the phase where the members are in-
book. The system-level design team should bé&oduced to their responsibilities and other mem-
responsible for systems engineering managemebters. During this period members will tend to need
planning and execution. The system-level managea structured situation with clarity of purpose and
ment team, the highest level program IPT, igrocess. If members are directed during this ini-
responsible for acquisition planning, resourcdial phase, their uncertainty and therefore appre-
allocation, and management. Lower-level team$ension is reduced. Facilitators controlling the
are responsible for planning and executing theiteam building should give the members rules and

OWnN processes. tasks, but gradually reduce the level of direction
as the team members begin to relate to each other.
Team Organization As members become more familiar with other

members, the rules, and tasks, they become more
Good teams do not just happen; they are the residomfortable in their environment and begin to
of calculated management decisions and actionfteract at a higher level.
Concurrent with development of the enterprise
organization discussed above, each team must al$tiis starts the storming phasgtormingis the
be developed. Basically the following are keyconflict brought about by interaction relating to
considerations in planning for a team within anthe individuals’ manner of dealing with the team
enterprise network: tasks and personalities. Its outcome is members
who understand the way they have to act with other
» The team must have appropriate representatiomembers to accomplish team objectives. The
from the primary functions, technical special-dynamics of storming can be very complex and
ties, and business support, intense, making it the critical phase. Some teams
will go through it quickly without a visible ripple,
» There must be links to establish vertical andbthers will be loud and hot, and some will never
horizontal communication in the enterprise, emerge from this phase. The team building facili-
tators must be alert to dysfunctional activity.
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Members may need to be removed or teamthis process, if the members are in the same loca-
reorganized. Facilitators during this period mustion. Proximity does matter and the team building
act as coaches, directing but in a personal collab@nd later team performance are typically better if
rative way. They should also be alert for membershe teams are co-located.

that are avoiding storming, because the team will

not mature if there are members who are not

personally committed to participating in it. 18.3 TEAM MAINTENANCE

Once the team has learned to interact effectively ifeams can be extremely effective, but they can be
begins to shape its own processes and become mdragile. The maintenance of the team structure is
effective in joint tasks. It is not unusual to see someelated to empowerment, team membership issues,
reoccurrence of storming, but if the storming phasand leadership.
was properly transitioned these incidences should
be minor and easily passed. In this phasaning  Empowerment
the team building facilitators become a facilitator
to the team, not directing but asking penetratingrhe term empowerment relates to how responsi-
guestions to focus the members. They also monitdailities and authority is distributed throughout the
the teams and correct emerging problems. enterprise. Maintenance of empowerment is
important to promote member ownership of the
As the team continues to work together on theidevelopment process. If members do not have
focused tasks, their performance improves untipersonal ownership of the process, the effective-
they reach a level of self-actuation and qualityness of the team approach is reduced or even
decision making. This phageerforming cantake neutralized. The quickest way to destroy partici-
a while to reach, 18 months to two years for gpant ownership is to direct, or even worse, over-
system-level design team would not be uncommonurn solutions properly the responsibility of the
During the performing stage, the team buildingteam. The team begins to see that the responsibil-
facilitator monitors the teams and correctsity for decisions is at a higher level rather than at
emerging problems. their level, and their responsibility is to follow
orders, not solve problems.
At the start of a project or program effort, team
building is commonly done on an enterprise basiEmpowerment requires:
with all teams brought together in a team-build-
ing exercise. There are two general approaches to The flow of authority through the hierarchy of
the exercise: teams, not through personal direction (irrespec-
tive of organizational position.) Teams should
» Ateam-learning process where individuals are have clear tasking and boundaries established
given short but focused tasks that emphasize by the higher-level teams.
group decision, trust, and the advantages of
diversity. » Responsibility for decision making to be
appropriate for the level of team activity. This
» A group work-related task that is important but  requires management and higher-level teams to
achievable, such as a group determination of be specific, clear, complete, and comprehen-
the enterprise processes, including identifying sive in establishing focus and tasking, and
and removing non-value added traditional in specifying what decisions must be coordi-
processes. nated with higher levels. They should then avoid
imposing or overturning decisions more
Usually these exercises allow the enterprise to pass properly in the realm of a lower level.
through most of the storming phase if done cor-
rectly. Three weeks to a month is reasonable for
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» Teams at each level be given a clear understan@onsequently, managers must actively seek ways
ing of their duties and constraints. Within theto reward all team members appropriately, leaving
bounds of those constraints and assigned dutigsg group out at the expense of others.
members should have autonomy. Higher- level
teams and management either accept thelteadership
decisions, or renegotiate the understanding of

the task. Leadership is provided primarily by the organiza-
tional authority responsible for the program, the
Membership Issues enterprise facilitator, and the team leaders. In a

DoD program, the organizational leaders are
Another maintenance item of import is team memusually the Program Manager and contractor senior
ber turnover. Rotation of members is a fact of life, manager. These leaders set the tone of the enter-
and a necessary process to avoid teams becomipgse adherence to empowerment, the focus of the
too closed. However, if the team has too fast &chnical effort, and the team leadership of the
turnover, or new members are not fully assimi-system management team. These leaders are
lated, the team performance level will decline andesponsible to see that the team environment is
possibly revert to storming. The induction processnaintained. They should coordinate their action
should be a team responsibility that includes thelosely with the facilitator.
immediate use of the new team member in a jointly
performed, short term, achievable, but importanfacilitators
task.

Enterprises that have at least one facilitator find
Teams are responsible for their own performancehat team and enterprise performance is easier to
and therefore should have significant say over thenaintain. The facilitator guides the enterprise
choice of new members. In addition teams shoulthrough the team building process, monitors the
have the power to remove a member; however, thiam network through metrics and other feedback,
should be preceded by identification of the prob-and makes necessary corrections through
lem and active intervention by the facilitator. facilitation. The facilitator position can be:
Removal should be a last resort.

« A separate position in the contractor
Awards for performance should, where possible, organization,
be given to the team rather than individuals (or
equally to all individuals on the team). Thise Part of the responsibilities of the government
achieves several things: it establishes a team focus, systems engineer or contractor project manager,
shows recognition of the team as a cohesive force, or
recognizes that the quality of individual effort is
at least in part due to team influence, reinforces Any responsible position in the first level below
the membership’s dedication to team objectives, the above that is related to risk management.
and avoids team member segregation due to uneven
awards. Some variation on this theme is appropri©bviously the most effective position would be
ate where different members belong to differenbne that allows the facilitator to concentrate on
organizations, and a common award system dodhe teams’ performance. Enterprise level facilita-
not exist. The system-level management teanors should have advanced facilitator training and
should address this issue, and where possiblgecommended) at least a year of mentored expe-
assure equitable awards are given team membersence. Facilitators should also have significant
A very real constraint on cash awards in DoDbroad experience in the technical area related to
rises in the case of teams that include botii-ci the development.
ian andmilitary members. Military members can-
not be given cash awards, while civilians can.
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Team Leaders Teams use several tools to enhance their produc-
tivity and improve communication among enter-

The team leaders are essential for providing andrise members. Some examples are:

guiding the team focus, providing vertical com-

munication to the next level, and monitoring thee Constructive modeling (CAD/CAE/ CAM/

team’s performance. Team leaders must have a CASE) to enhance design understanding and

clear picture of what constitutes good performance control,

for their team. They are not supervisors, though in

some organizations they may have supervisory Trade-off studies and prioritization,

administrative duties. The leader’'s primary pur-

pose is to assure that the environment is presemt Event-driven schedules,

that allows the team to perform at its optimum

level, not to direct or supervise. » Prototyping,

The team leader’s role includes several difficulte Metrics, and most of all, and
responsibilities:

» Integrated membership that represent the life
» Taking on the role of coach as the team forms, cycle stakeholders.

» Facilitating as the team becomes self-ntegrated Team Rules
sustaining,
The following is a set of general rules that should
» Sometimes serving as director. (Only when guide the activities and priorities of teams in a
team has failed, needs refocus or correctiorsystem design environment:
and is done with the facilitator),
» Design results must be communicated clearly,
» Providing education and training for members, effectively, and timely.

» Facilitating team learning, » Design results must be compatible with initially
defined requirements.
* Representing the team to upper management
and the next higher-level team, and » Continuous “up-the-line” communication must
be institutionalized.
» Facilitating team disputes.
» Each member needs to be familiar with all
Team leaders should be trained in basic facilitator system requirements.
principles. This training can be done in about a
week, and there are numerous training facilitiea Everyone involved in the team must work from
or companies that can offer it. the same database.

* Only one member of the team has the author-

4.4 TEAM PROCESSES ity to make changes to one set of master
documentation.

Teams develop their processes from the principles
of system engineering management as presented All members have the same level of authority
earlier in the book. The output of the teams is the (one person, one vote).
design documentation associated with products
identified on the system architecture, including bothr Team participation is consistent, success-
end product components and enabpingducts. oriented, and proactive.
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» Team discussions are open with no secrets. ¢ Draft meeting summaries should be provided
to members within one working day of the
» Team member disagreements must be reasoned meeting. A final summary should be issued
disagreement (alternative plan of action versus within two working days after the draft
unyielding opposition). comments deadline.

» Trade studies and other analysis techniques are
used to resolve issues. 18.5 BARRIERS TO INTEGRATION

» Issues are raised and resolved early. There are numerous barriers to building and main-
taining a well functioning team organization, and
» Complaints about the team are not voiced outthey are difficult to overcome. Any one of these
side the team. Conflicts must be resolvedarriers can negate the effectiveness of an inte-
internally. grated development approach. Common barriers
include:
Guidelines for Meeting Management
» Lack of top management support,
Even if a team is co-located as a work unit, regular
meetings will be necessary. These meetings and Team members not empowered,
their proper running become even more important
if the team is not co-located and the meeting is the Lack of access to a common database,
primary means of one-on-one contact. A well run
technical meeting should incorporate the followinge Lack of commitment to a cultural change,
considerations:
» Functional organization not fully integrated into
» Meetings should be held only for a specific ateam process,
purpose and a projected duration should be
targeted. » Lack of planning for team effort,

» Advance notice of meetings should normallys Staffing requirements conflict with teams,
be at least two weeks to allow preparation and
communication between members. » Team members not collocated,

» Agendas, including time allocations for topicse Insufficient team education and training,
and supportive material should be distributed
no less than three business days before the team Lessons learned and successful practices not
meeting. The objective of the meeting should shared across teams,
be clearly defined.
» Inequality of team members,
» Stick to the agenda during the meeting. Then
cover new business. Then review action items: Lack of commitment based on perceived un-
certainty,
» Meeting summaries should record attendance,
document any decision or agreements reacheel, Inadequate resources, and
document action items and associated due-
dates, provide a draft agenda for the next Lack of required expertise on either the part of
meeting, and frame issues for higher-level the contractor or government.
resolution.

164



Chapter 18

Organizing and Integrating System Development

Breaking Barriers .

Common methods to combat barriers include:

Education and training, and then more educa-
tion and training: it breaks down the uncertainty

Where co-location is not possible have regular

working sessions of several days duration. Tele-
communications, video conferencing, and other

technology based techniques can also go far to
alleviate the problems of non-collocation.

of change, and provides a vision and methodummary Comments

for success.

Use a facilitator not only to build and maintain
teams, but also to observe and advise manage-
ment.

Obtain management support up front. Manage-
ment must show leadership by managing the
teams’ environment rather than trying toe
manage people.

Use a common database open to all enterprise
members.

Establish a network of teams that integrates the
design and provides horizontal and vertical
communication.

Establish a network that does not over-tax avail-
able resources. Where a competence is not avail-
able in the associated organizations, hire it
through a support contractor.
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Integrating system development is a systems
engineering approach that integrates all
essential primary function activities through the

use of multi-disciplinary teams, to optimize the

design, manufacturing and supportability

processes.

Team building goes through four phases:
forming, storming, norming, and performing.

Key leadership positions in a program network
of teams are the program manager, facilitator,
and team leaders.

A team organization is difficult to build and
maintain. It requires management attention and
commitment over the duration of the teams
involved.
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SUPPLEMENT A

IPPD —
A DOD MANAGEMENT PROCESS

The DoD policy of Integrated Product and Procesparticipants empowered and authorized, to the
Development (IPPD) is a broad view of integratednaximum extent possible, to make commit-
system development which includes not onlyments for the organization or the functional area
systems engineering, but other areas involved ithey represent. IPTs are composed of represen-
formal decision making related to system develiatives from all appropriate functional disciplines
opment. DoD policy emphasizes integratedworking together to build successful programs
management at and above the Program Managand enabling decision makers to make the right
(PM) level. It requires IPPD at the systemsdecisions at the right time.

engineering level, but does not direct specific

organizational structures or procedures in recogboD IPT Structure

nition of the need to design a tailored IPPD process

to every individual situation. The DoD oversight function is accomplished
through a hierarchy of teams that include levels of
Integrated Product Teams management from DoD to the program level. There

are three basic levels of IPTs: the Overaching IPT
One of the key IPPD tenets is multi-disciplinary (OIPT), the Working IPTs (WIPT), and Program
integration and teamwork achieved through the us#>Ts with the focus and responsibilities as shown
of Integrated Product Teams (IPTs). While IPTsby Figure 18-3. For each ACAT | program, there
may not be the best solution for every managewill be an OIPT and at least one WIPT. WIPTs
ment situation, the requirement to produce intewill be developed for particular functional topics,
grated designs that give consideration to a wide.g. test, cost/performance, contracting, etc. An
array of technical and business concerns leads mdsttegrating IPT (IIPT) will coordinate WIPT efforts
organizations to conclude that IPTs are the besind cover all topics not otherwise assigned to
organizational approach to systems managemerdanother IPT. These teams are structurally organized
PMs should remember that the participation of as shown on Figure 18-4.
contractor or a prospective contractor on a IPT
should be in accordance with statutory requireOverarching IPT (OIPT)
ments, such as procurement integrity rules. The
service component’s legal advisor must reviewThe OIPT is a DoD level team whose primary re-
prospective contractor involvement on IPTs. Tosponsibility is to advise the Defense Acquisition
illustrate issues the government-contractor teankxecutive on issues related to programs managed
arrangement raises, the text box at the end of thet that level. The OIPT membership is made up of
section lists nine rules developed for governmenthe principals that are charged with responsibility
members of the Advanced Amphibious Assaulffor the many functional offices at OSD.
Vehicle (AAAV) design IPTs.

The OIPT provides:
The Secretary of Defense has directed that DoD
perform oversight and review by using IPTs. These Top-level strategic guidance,
IPTs function in a spirit of teamwork with
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Organization T eams Focus Par ticipant
Responsibilities

OSD and OIPT* « Strategic Guidance e Program Success
Components * Tailoring b Functional Area Leadership
* Program Assessment * Independent Assessment
¢ Resolve Issues Elevated by WIPTs Issue Resolution
WIPTs* ¢ Planning for Program Success 4 Functional Knowledge and Experience

« Opportunities for Acquisition
Reform (e.g. innovation, streamlining

Empowered Contribution
Recom'’s for Program Success

« ldentify/Resolve Program Issues Communicate Status and Unresolved
* Program Status Issues
Program Program * Program Execution o Manage Complete Scope of Program
Teams and IPTs** « |dentify and Implement Acquisition Resources, and Risk
System Reform * Integrate Government and Contractor
Contractors Efforts for Report Program Status and
Issues

* Covered in“Rules of the Road”
** Covered in“Guide to Implementation and Management of IPPD in DoD Acquisition

Figure 18-3. IFocus and Responsibilities of IPTs

MDA
DAB or MAISRC

Overarching
Oversight IPT
and

Review

WIPTs

Integrating IPT

Cost/
Performance IPT

Cost/
Performance IPT

Cost/
Performance IPT

Cost/
Performance IPT

Program Management
Environment

<— Program IPTs

_ (System Mgmt Teams)
Execution

Extracted from Rules of the Road, A Guide for Leading Successful Integrated Product Teams

Figure 18-4. IPT Structure
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Functional area leadership,
* Proposing tailored document and milestone

» Forum for issue resolution, requirements,
» Independent assessment to the MDA, » Reviewing and providing early input to
documents,
» Determine decision information for next
milestone review, and e Coordinating WIPT activities with the OIPT
members,
» Provide approval of the WIPT structures and
resources. * Resolving or evaluating issues in a timely
manner, and

Working-Level IPT (WIPT)
e Obtaining principals’ concurrence with
The WIPTs may be thought of as teams that link applicable documents or portions of documents.
the program manager to the OIPT. WIPTSs are typi-
cally functionally specialized teams (test, cost-Program IPTs
performance, etc.). The PM is the designated head
of the WIPT, and membership typically includesProgram IPTs are teams that perform the program
representation from various levels from the protasks. The integration of contractors with the gov-
gram to OSD staff. The principal functions of theernment on issues relative to a given program truly
WIPT are to advise the PM is the area of specialeccurs at the program IPT level. The development
ization and to advise the OIPT of program statusteams (product and process teams) described ear-
lier in this chapter would be considered program
The duties of the WIPT include: IPTs. Program IPTs would also include teams
formed for business reasons, for example teams
» Assisting the PM in developing strategies andestablished to prepare PPBS documentation, to
in program planning, as requested by the PMprepare for Milestone Approval, to develop the
RFP, or the like.
» Establishing IPT plan of action and milestones,
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SUPPLEMENT B

GOVERNMENT ROLE ON IPTs*

1. The IPTs are contractor run entities. We ddb.

not lead or manage the IPTs.

We serve as “customer” representatives on the
IPTs. We are there to REDUCE THE CYCLE
TIME of contractor-Government (customer)
communication. In other words, we facilitate
contractor personnel getting Government
input faster. Government IPT members also
enable us to provide the contractor IPT Status
and issue information up the Government
chain on a daily basis (instead of monthly or
quarterly).

Government IPT members CAN NOT autho-
rize any changes or deviations to/from the con-
tract SOW or Specifications. Government IPT
members can participate in the deliberations
and discussions that would result in the sug-
gestion of such changes. If/When an IPT con-
cludes that the best course of action is not in
accordance with the contract, and a contract
change is in order, then the contractor must
submit a Contract Change Request (CCR)
through normal channels. (See Contract Clause
H.8, page H-15 of the contract).

6. Government IPT members CAN NOT autho-

WE DO NOT DO the contractor’s IPT WORK,

or any portion of their work or tasks. The con-
tractor has been contracted to perform the tasks
outlined in the contract SOW; their personnel
and their subcontractors’ personnel will per-
form those tasks, not us. But Government IPT
members will be an active part of the delib-
erations during the development of, and par-
ticipate in “on-the-fly” reviews of deliverables 7.
called out in CDRL's.

When asked by contractor personnel for the
Government’s position or interpretation, Gov-
ernment IPT members can offer their personal
opinion, as an IPT member, or offer expert
opinion; you can provide guidance as to our
“customer” opinion and what might be accept-8.
able to the Government but you can only offer
the “Government” position for items that have
been agreed to by you and your Supervisor.
IT IS UP TO YOUR SUPERVISORS TO
EMPOWER EACH OF YOU TO AN APPRO-
PRIATE LEVEL OF AUTHORITY. It is
expected that this will start at a minimal level
of authority and be expanded as each indivi-
dual'sIPT experience and program kmedge
grows. However... (see items 5 & 6).
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rize the contractor to perform work that is in
addition to the SOW/contract requirements.
The contractor IPTs can perform work that is
not specifically required by the contract, at
their discretion (provided they stay within the
resources as identified in the Team Operating
Contract (TOC)).

Government IPT member participation in
contractor IPT activities IS NOT Government
consent that the work is approved by the Gov-
ernment or is chargeable to the contract. If an
IPT is doing something questionable, identify
it to your supervisor or Program Management
Team (PMT) member.

Government members of IPTs do not approve
or disapprove of IPT decisions, plans, or
reports. You offer your opinion in their
development, you vote as a member, and you
coordinate issues with your Supervisor and
bring the “Government” opinion (in the form
of your opinion) back to the IPT, with the goal
of improving the quality of the products; you
don’t have veto power.

* Developed by the Advanced Amphibious Assault Vehicle
PMO for government IPT members
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9. Government IPT members are still subject to Interfacing with all other Government
all the Government laws and regulations organizations (eg. T&E);
regarding “directed changes,” ethics, and con-
duct. Your primary function is to perform those
functions that are best done by Government
employees. Such as:

Control/ facilitization of GFE and GFM;

Ensuring timely payment of submitted
vouchers;

« Conveying to contractor personnel your
knowledge/expertise on Marine Corps ¢ Full participation in Risk Management.

operations and maintenance techniques;
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CHAPTER 19

CONTRACTUAL
CONSIDERATIONS

19.1 INTRODUCTION The role of technical managers or systems
engineers is crucial to satisfying these diverse

This chapter describes how the systems engineeoncerns. Their primary responsibilities include:

supports the development and maintenance of the

agreement between the project office and the con- Supporting or initiating the planning effort.

tractor that will perform or manage the detailwork  The technical risk drives the schedule and

to achieve the program objectives. This agreement cost riskswhich in turn should drive the type

has to satisfy several stakeholders and requires of contractual approach chosen,

coordination between responsible technical, mana-

gerial, financial, contractual, and legal personnels Prepares or supports the preparation of the

It requires a document that conforms to the Fed- source selection plan and solicitation clauses

eral Acquisition Regulations (and supplements), concerning proposal requirements and selection

program PPBS documentation, and the System criteria,

Architecture. As shown by Figure 19-1, it also has

to result in a viable cooperative environment that Prepares task statements,

allows necessary integrated teaming to take place.

Contract

WBS

SOO/SOW

Government

CDRL

Performance-Based
SPECs and STDs

Cooperative Systems Engineering Effort

Figure 19-1. Contracting Process
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» Prepares the Contract Data Requirements List9.2 SOLICITATION DEVELOPMENT
(CDRL),
As shown by Figure 19-2, the DoD contracting
» Supports negotiation and participates in sourcerocess begins with planning efforts. Planning
selection evaluations, includes development of a Request for Proposal
(RFP), specifications, a Statement of Objective
* Forms Integrated Teams and coordinates th€SOO) or Statement of Work (SOW), a source
government side of combined government andelection plan, and the Contract Data Requirements
industry integrated teams, List (CDRL).
» Monitors the contractor’s progress, and Request for Proposal (RFP)
» Coordinates government action in support ofThe RFP is the solicitation for proposals. The gov-
the contracting officer. ernment distributes it to potential contractors. It
describes the government’s need and what the
This chapter reflects the DoD approach to conefferor must do to be considered for the contract.
tracting for system development. It assumes thdt establishes the basis for the contract to follow.
there is a government program or project office
that is tasking a prime contractor in a competitiveThe key systems engineering documents included
environment. However, in DoD there is variationin a solicitation are:
to this theme. Some project activities are tasked
directly to a government agency or facility, or ares A statement of the work to be performed. In
contracted sole source. The processes described DoD this is a Statement of Work (SOW.) A
in this chapter should be tailored as appropriate Statement of Objectives (SOO) can be used to
for these situations. obtain a SOW or equivalent during the selection

process.
Acquisition Planning
Requirement Requirement Procurement
Determination > Specification > Requests (RFP)

'

'

)

Procurement Planning

r Source Selection

L . L Selection
Solicitation —>| Evaluation —»| Negotiation of Source —>| Award
l Contract Administration
Assignment System Performance Contract C(I;mpletlot?/
9 > Control > Measurement Modifications > Clag;‘;izt

Figure 19-2. Contracting Process
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» A definition of the system. Appropriate speci- expressed in the SOW. During the solicitation
fications and any additional baseline informa-phase the tasks can be defined in very general way
tion necessary for clarification form this by a SOO. Specific details concerning SOOs and
documentation. This is generated by theSOWSs are attached at the end of this chapter.
systems engineering process as explained
earlier in this book. As shown by Figure 19-3, solicitation tasking

approaches can be categorized into four basic

» A definition of all data required by the cus- options: use of a basic operational need, a SOO, a
tomer. In DoD this accomplished through useSOW, or a detail specification.
of the Contract Data Requirements List (CDRL.)

Option 1maximizes contractor flexibility by sub-

The information required to be in the proposalamitting the Operational Requirements Document

responding to the solicitation is also key for the(ORD) to offerors as a requirements document (e.g.

systems engineer. An engineering team will deciden place of SOO/SOW,) and the offerors are

the technical and technical management merits akquested to propose a method of developing a

the proposals. If the directions to the offerors aresolution to the ORD. The government identifies

not clearly and correctly stated, the proposal willits areas of concern in section M (evaluation fac-

not contain the information needed to evaluate theors) of the RFP to provide guidance. Section L

offerors. In DoD Sections L and M of the RFP arg(instructions to the offerors) should require the bid-

those pivotal documents. ders write a SOW based on the ORDpast of
their proposal. The offeror proposes the type of
Task Statement system. The contractor develops the system speci-

fication and the Work Breakdown Structure. In
The task statement prepared for the solicitatiomeneral this option is appropriate for early efforts
will govern what is actually received by the where contractor input is necessary to expand the
government, and establish criteria for judgingunderstanding of physical solutions and alternative
contractor performance. Task requirements argystem approaches.

Government Develops Contractor Develops
—
5 ORD —JpEvaluation —Pinstructions [—Proposed ——Ppstem ——¥PBS ——SPW  —Pntract
B Factors to Offerors Concept(s) Spec Signed
O
N Select ———————ppDraft PSO0 PEvaluation ——Ppastructions $OW Pwntract
_5 Concept(s) Technical Factors to Offerors Signed
2 Requirements
o and WBS
‘2 Select ———————ppDraft PWBS PSOW PEvaluation ——Pmstructions  f——wntract
2 Concept(s) System Factors to Offerors Signed
o
o Spec
<Cr Detail Spec PSOW Pinstructions |——ontract
2 and to Bidders Signed
8— Drawings

Figure 19-3. Optional Approaches
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Option 2provides moderate contractor flexibility on the low bid. This option is appropriate when
by submitting a Statement of Objectives (SOO) tahe government has detailed specifications or other
the offerors as the section C task document (e.groduct baseline documentation that defines the
in place of SOW.) The government identifies itsdeliverable item sufficient for production. It is
areas of concern in section M (evaluation factorsyjenerally used for simple build-to-print
to provide guidance. Section L (instructions to thereprocurement.
offerors) should require as part of the proposal that
offerors write a SOW based on the SOO. In thidData Requirements
case the government usually selects the type of
system, writes a draft technical-requirements docuAs part of the development of an Invitation for
ment or system specification, and writes a drafBid or Request for Proposals, the program office
WBS. This option is most appropriate when pretypically issues a letter that describes the planned
vious efforts have not defined the system tightlyprocurement and asks integrated team leaders and
The effort should not have any significant desigraffected functional managers to identify and jus-
input from the previous phase. This method allowsify their data requirements for that contract. The
for innovative thinking by the bidders in the pro- data should be directly associated with a process
posal stage. It is a preferred method for desigwor task the contractor is required to perform.
contracts.
The affected teams or functional offices then
Option 3 lowers contractor flexibility, and in- develop a description of each data item needed.
creases clarity of contract requirements. In thiPata Item Descriptions, located in the Acquisi-
option the Statement of Work (SOW) is providedtion Management Systems & Data Requirements
to the Contractor as the contractual task requireControl List (AMSDL), can be used for guidance
ments document. The government providesn developing these descriptions. Descriptions
instructions in section L to the offerors to describeshould be performance based, and format should
the information needed by the government to evalube left to the contractor as long as all pertinent
ate the contractor’s ability to accomplish the SOWdata is included. The descriptions are then
tasks. The government identifies evaluation facassembled and submitted for inclusion in the
tors in section M to provide guidance for priority solicitation. The listing of data requirements in the
of the solicitation requirements. In most cases, theontract follows an explicit format and is referred
government selects the type of system, and prde as the Contract data Requirements List (CDRL).
vides the draft system spec, as well as the draft
WBS. This option is most appropriate when predn some cases the government will relegate the
vious efforts have defined the system to the lowedata call to the contractor. In this case it is impor-
WBS levels or where the product baseline definetant that the data call be managed by a govern-
the system. Specifically when there is substantiainent/ contractor team, and any disagreements be
input from the previous design phase and there igesolved prior to formal contract change incorpo-
a potential for a different contractor on the newrating data requirements. When a SOO approach
task, the SOW method is appropriate. is used, the contractor should be required by section
L to propose data requirements that correspond to
Option 4 minimizes contractor flexibility, and their proposed SOW.
requires maximum clarity and specificity of con-
tract requirements. This option uses an InvitatiorThere is current emphasis on electronic submis-
for Bid (IFB) rather than an RFP. It provides bid- sion of contractually required data. Electronic Data
ders with specific detailed specifications or taskinterchange (EDI) sets the standards for compatible
statements describing the contract deliverableslata communication formats.
They tell the contractor exactly what is required
and how to do it. Because there is no flexibility inAdditional information on data management, types
the contractual task, the contract is awarded based data, contractual considerations, and sources of
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data are presented in chapters 10 and 13. Addiequire that changes be made very carefully—and
tional information on CDRLs is provided at the often at the expense of considerable time and effort

end of this chapter. on the part of program office and contractor per-
sonnel. In this environment, even minor mistakes
Technical Data Package Controversy can cause distortion of proper selection.

Maintenance of a detailed baseline such as the “dhe process starts with the development of a
built” description of the system, usually referredSource Selection Plan (SSP), that relates the
to as a Technical Data Package (TDP), can be vegrganizational and management structure, the
expensive and labor intensive. Because of thisvaluation factors, and the method of analyzing
some acquisition programs may not elect to purthe offerors’ responses. The evaluation factors and
chase this product description. If the Governmentheir priority are transformed into information pro-
will not own the Technical Data Package thevided to the offerors in sections L and M of the
following questions must be resolved prior toRFP. The offerors’ proposals are then evaluated
solicitation issue: with the procedures delineated in the SSP. These
evaluations establish which offerors are conform-
» What are the pros and cons associated with thieag, guide negotiations, and are the major factor
TDP owned by the contractor? in contractor selection. The SSP is further
described at the end of this chapter.
 What are the support and reprocurement
impacts? The system engineering area of responsibility
includes support of SSP development by:
* What are the product improvement impacts?
» Preparing the technical and technical manage-
* What are the open system impacts? ment parts of evaluation factors,

In general the government should have sufficient Organizing technical evaluation team(s), and
data rights to address life cycle concerns, such as

maintenance and product upgrade. The extent to Developing methods to evaluate offerors’ pro-
which government control of configurations and  posals (technical and technical management).
data is necessary will depend on support and

reprocurement strategies. This, in turn, demands

that those strategic decisions be made as early 48.3 SUMMARY COMMENTS

possible in the system development to avoid

purchasing data rights as a hedge against tree Solicitation process planning includes devel-
possibility that the data will be required later in  opment of a Request for Proposal, specifica-

the program life cycle. tions, a Statement of Objective or Statement of
Work, a source selection plan, and the Contract
Source Selection Data Requirements List.

Source Selection determines which offeror will bes  There are various options available to program
the contractor, so this choice can have profound offices as far as the guidance and constraints
impact on program risk. The systems engineer imposed on contractor flexibility. The govern-
must approach the source selection with great care ment, in general, prefers that solicitations be
because, unlike many planning decisions made performance-based.

early in product life cycles, the decisions made

relative to source selection can generally not be Data the contractor is required to provide the
easily changed once the process begins. Laws and government is listed on the Contract Data
regulations governing the fairness of the process Requirements List.
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» Source Selection is based on the evaluation cri- reflected in Sections L & M of the Request for
teria outlined in the Source Selection Plan and Proposal (RFP).
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SUPPLEMENT A

STATEMENT OF OBJECTIVES
(SO0)

The SOO is an alternative to a government pres Draft technical requirements, and

pared SOW. A SOO provides the Government’s

overall objectives and the offeror’s required sup+ Draft WBS and dictionary.

port to achieve the contractual objectives. Offerors

use the SOO as a basis for preparing a SOW whichtep 2:0Once the program objectives are defined,
is then included as an integral part of the proposdhe SOO is constructed so that it addresses prod-
which the government evaluates during the sourcect-oriented goals and performance-oriented
selection. requirements.

Purpose SOO and Proposal Evaluations

SOO expresses the basic, top-level objectives @ection L (Instructions to Offerors) of the RFP
the acquisition and is provided in the RFP in lieumust include instructions to the offeror that require
of a government-written SOW. This approach givesising the SOO to construct and submit a SOW. In
the offerors the flexibility to develop cost effec- Section M (Evaluation Criteria) the program office
tive solutions and the opportunity to proposeshould include the criteria by which the proposals,

innovative alternatives. including the contractor’s draft SOW, will be evalu-
ated. Because of its importance, the government’s
Approach intention to evaluate the proposed SOW should

be stressed in Sections L and M.
The government includes a brief (1- to 2-page)

SO0 in the RFP and requests that offerors proofferor Development of
vide a SOW in their proposal. The SOO is typi-the Statement of Work
cally appended to section J of the RFP and does
not become part of the contract. Instructions forrhe offeror should establish and define in clear,
the contractor prepared SOW would normally beunderstandable terms:
included in or referenced by section L.
* Non-specification requirements (the tasks that
SOO Development the contractor must do),

Step 1.The RFP team develops a set of objectives What has to be delivered or provided in order
compatible with the overall program direction  for him to get paid,
including the following:
* What data is necessary to support the effort, and
» User(s) operational requirements,
* Information that would show how the offerors
* Programmatic direction, would perform the work that could differenti-
ate between them in proposal evaluation and
contractor selection.
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At contract award the SOW, as changed througbktandard for measuring contractor’s effectiveness.
negotiations, becomes part of the contract and the

SO0 Example:
Joint Air-to-Surface Standoff Missile (JASSM)
Statement of Objectives

The Air Force and Navy warfighters need a standoff missile that will destroy the enemies’ war-
sustaining capabilities with a launch standoff range outside the range of enemy area defenses.
Offerors shall use the following objectives for the pre-EMD and EMD acquisition phases of the
JASSM program along with other applicable portions of the RFP when preparing proposals and
program plans. IMP events shall be traceable to this statement of objectives:

Pre-EMD Obijectives

a. Demonstrate, at the sub-system level as a minimum, end-to-end performance of the system
concept. Performance will be at the contractor-developed System Performance Specifica-
tion requirements level determined during this phase without violation of any key performance
parameters.

b. Demonstrate the ability to deliver an affordable and producible system at or under the average
unit procurement price (AUPP).

c. Provide a JASSM system review including final system design, technical accomplishments,
remaining technical risks and major tasks to be accomplished in EMD.

EMD Objectives
a. Demonstrate through test and/or analysis that all requirements as stated in the contractor
generated System Performance Specification, derived from Operational Requirements, are

met, including military utility (operational effectiveness and suitability).

b. Demonstrate ability to deliver an affordable and producible system at or under the AUPP
requirement.

c. Demonstrate all production processes.

d. Produce production representative systems for operational test and evaluation, including
combined development / operational test and evaluation.
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SUPPLEMENT B

STATEMENT OF WORK
(SOW)

The SOW is a specific statement of the work to beleliverables. Tasks should track with the WBS.
performed by the contractor. It is derived from theThe SOW describes tasks the contractor has to do.
Program WBS (System Architecture). It shouldThe specifications describe the products.

contain, at a minimum, a statement of scope and

intent, as well as a logical and clear definition ofStatement of Work Preparation

all tasks required. The SOW normally consists ofand Evaluation Strategies

three parts:
SOWs should be written by an integrated team of

Section 1: Scope Befines overall purpose of the competent and experienced members. The team
program and what the SOW applies to. should:

Section 2: Applicable Documents kLists the + Review and use the appropriate WBS for the
specifications and standards referenced in Section SOW framework,

3.
» Set SOW objectives in accordance with the

Section 3: Requirements States the tasks the  Acquisition Plan and systems engineering
contractor has to perform to provide the planning,

Requirement WBS Elements

System Spec

Air Vehicle

| 1600 Aircraft Subsystems | 1610 Landing Gear Systems
I .
| 1610 Landing Gear Systems | °

SO0/SOW /

31 Aircraft Subsystems (WBS 1600)

1600 Aircraft Subsystems

Conduct a development program to
include detailed design, manufacture,
assembly, and test of all aircraft subsystems

Figure 19-4. Requirement-WBS-SOW Flow
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» Develop a SOW tasking outline and checklist,In section 2Applicable Documents:
» Establish schedule and deadlines, and DO NOT:

» Develop a comprehensive SOW from the aboves Include guidance documents that apply only to
Government PMOs (e.g. DoD 5000 series and
Performance-based SOW service regulations).

The termperformance-based SOMas become a In section 3Requirements:
common expression that relates to a SOW that
tasks the contractor to perform the duties nece€20O NOT:
sary to provide the required deliverables, but is
not specific as to the process details. Basically, al Define work tasks in terms of data to be
SOWs should be performance based, however, past delivered.
DoD generated SOWSs have had the reputation of
being overly directive. A properly developed SOWe Order, describe, or discuss CDRL data (OK to
tasks the contractor without telling him how to  reference).
accomplish the task.
» Express work tasks in data terms.
Evaluating the SOW
* Invoke, cite, or discuss a DID.
The WBS facilitates a logical arrangement of the
elements of the SOW and a tracing of work efforte Invoke handbooks, service regulations,
expended under each of the WBS elements. It helps technical orders, or any other document not
integrated teams to ensure all requirements have specifically written in accordance with MIL-
been included, and provides a foundation for track- STD-961/962.
ing program evolution and controlling the change
process. As shown by Figure 19-4, the WBS serves Specify how task is to be accomplished.
as a link between the requirements and the SOW.
» Use the SOW to amend contract specifications.
In the past, DoD usually wrote the SOW and, over
time, an informal set of rules had been developed Specify technical proposal or performance
to assist in drafting them. While the government criteria or evaluation factors.
today generally does not write the SOW, but, rather,
more often evaluates the contractor’s proposee Establish delivery schedules.
statement of work, those same rules can assist in

the government role of evaluator. » Over specify.

Statement of Work Rules In section 3Requirements:

In section 1Scope: DO:

DO NOT: » Specify work requirements to be performed

under contract.
* Include directed work statements.
» Set SOW objectives to reflect the acquisition
* Include data requirements or deliverable plan and systems engineering planning.
products.
* Provide a priceable set of tasks.
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» Express work to be accomplished in worke

words.
» Use “shall” whenever a task is mandatory.

* Use “will” only to express a declaration
purpose or simple futurity.

of
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Use WBS as an outline.
List tasks in chronological order.

Limit paragraph numbering to 3rd sub-level
(3.3.1.1.) — Protect Government interests.

Allow for contractor’s creative effort.
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The Contract Data Requirements List (CDRL) isoffice data manager. A sample CDRL data require-

SUPPLEMENT C

CONTRACT DATA

REQUIREMENTS LIST

a list of authorized data requirements for a specifiecnent is shown in Figure 19-5.
procurement that forms a part of the contract. It is

comprised of a series of DD Forms 1423 (Indi-Data requirements can also be identified in the
vidual CDRL forms) containing data requirementscontract via Special Contract Clauses (Federal
and delivery instructions. CDRLs should be linkedAcquisition Clauses.) Data required by the FAR
directly to SOW tasks and managed by the progrardlauses are usually required and managed by the

Contracting Officer.

ATCHNR: 3
TO CONTRACT/PR: F33657-86-C-2085

CONTRACT DATA REQUIREMENTS LIST

TO EXHIBIT:
CATEGORY: X

SYSTEM/ITEM: ATF DEM/VAL PHASE
CONTRACTOR: LOCKHEED

1)
3100

2) SOW3.1 6) 10) 12)
3) ASD/TASE | ONE/R 60DAC

14)
ASD/TASE

4)

OT E62011 IT D

5) sow3l [7) 8) 9) 11) | 13)
SEE 16

ASD/TASM
ASD/TASL

16)

NOTE:

BLK 4: SEE APPENDIXESTO CDRL FOR DID.

THIS DID ISTAILORED AS FOLLOWS:

(1) CONTRACTOR FORMAT IS ACCEPTABLE.

(2) CHANGE PARAGRAPH 2a OF DID TO READ: “PROGRAM RISK
ANALYSIS.THIS SECTION SHALL DESCRIBE THE PLAN AND
METHODOLOGY FOR A CONTINUING ASSESSMENT OF
TECHNICAL, SUPPORTABILITY, COST, AND SCHEDULE RISKS OF
THE SYSTEM PROGRAM.THIS SECTION SHOULD BE
CONSISTENT WITH AND NOT DUPLICATETHE SYSTEM
INTEGRATION PLAN (REFERENCE DI-S-3563/T); i.e., ONE PLAN
MAY REFERENCETHE OTHER.”

BLK 13: REVISIONS SHALL BE SUBMITTED AS REQUIRED BY CHANGE

RESULTING FROMTHE SYSTEMS ENGINEERING PROCESS.
SCHEDULES ASSOCIATED WITHTHIS PLAN SHALL BE
INTEGRATED WITHTHE MASTER PROGRAM PLANNING
SCHEDULE SUBMITTED ON MAGNETIC MEDIA IN ACCORDANCE
WITH DI-A-3007/T.

ACO

2/0

2/0
2/0
1/0

15)
7/0

PREPARED BY:

DATE:
86 JUN 11

APPROVED BY:

DATE:
86 JUNE 11

DD FORM 1423

ADPE ADAPTATION SEP 81 (ASD/YYD)

Figure 19-5. CDRL Single Data Item Requirement Example
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Data Requirement Sources Block 8: Approval Code — if “A,” it is a critical
data item requiring specific, advanced, written

Standard Data Item Descriptions (DID) define datapproval prior to distribution of the final data item.

content, preparation instructions, format, intended

use, and recommended distribution of data requireBlock 9: Distribution Statement Required:

of the contractor for delivery. The Acquisition

Management Systems and Data RequirementSategory A is unlimited-release to the public.

Control List (AMSDL) identifies acquisition man-

agement systems, source documents, and standd&@dtegory B is limited-release to government

Data Item Descriptions (DIDs.) With acquisition agencies.

reform the use of DIDs has declined, and data item

requirements now are either tailored DIDs or a se€ategory C limits release to government agencies

of requirements specifically written for the par-and their contractors.

ticular RFP in formats agreeable to the contractor

and the government. Category D is limited-release to DoD offices and
their contractors.

DD Form 1423 Road Map
Category E is for release to DoD components only.

Block 1: Data Item Number — represents the CDRL

sequence number. Category F is released only as directed and
normally classified.

Block 2: Title of Data Item — same as the title

entered in item 1 of the DID (DD Form 1664.) Block 12: Date of First Submission — indicates
year/month/day of first submission and identifies

Block 4: Authority (Data Acquisition Document specific event or milestone data is required.

Number) — same as item 2 of the DID form and

will include a “/t” to indicate DID has been tailored. Block 13:Date of Subsequent Submission — if data
is submitted more than once, subsequent dates will

Block 5: Contract Reference — identifies the DID be identified.

authorized in block 4 and the applicable document

and paragraph numbers in the SOW from whictBlock 14: Distribution — identify each addressee

the data flows. and identify the number of copies to be received
by each. Use office symbols, format of data to be

Block 6: Requiring Office — activity responsible delivered, command initials, etc.

for advising the technical adequacy of the data.
Block 16:Remarks — explain only tailored features

Block 7: Specific Requirements — may be needef the DID, any additional information for blocks

for inspection/acceptance of data. 1-15, and any resubmittal schedule or special con-
ditions for updating data submitted for government
approval.
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SUPPLEMENT D

THE SOURCE
SELECTION PLAN

Prior to solicitation issuance, a source selectiowice to the SSA based on the SSEB's findings and
plan should be prepared by the Program Managethe collective experience of SSAC members. The
reviewed by the Contracting Officer, and approvedsource Selection Evaluation Board (SSEB) gen-
by the Source Selection Authority. A Sourceerates the information the SSA needs by perform-
Selection Plan generally consists of three parts: ing a comprehensive evaluation of each offeror’s
proposal. A Technical evaluation review team(s)
* The first part describes the organization,evaluates the technical portion of the proposals to
membership, and responsibilities of the sourcesupport the SSEB. The process flow is shown in
selection team, Figure 19-6.

» The second part identifies the evaluation factorsThe Program Manager is responsible for develop-
and ing and implementing the acquisition strategy,
preparing the Source Selection Plan (SSP), and
» The last part establishes detailed procedures fabtaining SSA approval of the plan before the for-

the evaluation of proposals. mal solicitation is issued to industry. The System
Engineer or technical manager supports the Pro-
Source Selection Organization gram Manager’s efforts. The Contracting Officer

is responsible for preparation of solicitations and
The Source Selection Authority (SSA) is responcontracts, any communications with potential
sible for selecting the source whose proposal isfferors or offerors, consistency of the SSP with
most advantageous to the government. The Sourcequirements of the FAR and DFARS, and award
Selection Advisory Council (SSAC) provides ad-of the contract.

Source Selection
Authority

f

Source Selection
Advisory Council

?

Source Selection
Evaluation Board

Pl AN

Other Review Technical Evaluation
Panels Review Panel

Figure 19-6. Source Selection Process
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SSP Evaluation Factors Factors to Consider

The evaluation factors are a list, in order of relaThere is not sufficient space here to attempt to

tive importance, of those aspects of a proposal thaxhaustively list all the factors that might influence

will be evaluated quantitatively and qualitatively the decision made in a source selection. The

to arrive at an integrated assessment as to whidbllowing are indicative of some of the key

proposal can best meet the Government’s need asnsideration, however:

described in the solicitation. Figure 19-7 shows

an example of one evaluation category, life cycle Is the supplier's proposal responsive to the

cost. The purpose of the SSP evaluation is to government’s needs as specified in the request

inform offerors of the importance the Government  for proposal?

attaches to various aspects of a proposal and to

allow the government to make fair and reasoned Is the supplier’'s proposal directly supportive

differentiation between proposals. of the system requirements specified in the
system specification and SOO/SOW?

In general the following guidance should be used

in preparing evaluation factors: » Have the performance characteristics been
adequately specified for the items proposed?
» Limit the number of evaluation factors, Are they meaningfumeasurableand traceable

from the system-level requirements?
 Tailor the evaluation factors to the Government
requirement (e.g. combined message of the Have effectiveness factors been specified
SOO0/SOW, specification, CDRL, etc.), and (e.g. reliability, maintainability, supportabil-
ity, and availability?) Are they meaningful,
» Costis always an evaluation factor. The identi- measurableand traceable, from the system-
fication of the cost that is to be used and its level requirements?
relative importance in rating the proposal should

be clearly identified. » Has the supplier addressed the requirement for
test and evaluation of the proposed system
element?
Rating Evaluation Criteria — Life Cycle Cost
(Points)
9-10 Offeror has included a complete Life Cycle Cost analysis that supports his proposal.
7-8 Offeror did not include a complete Life Cycle Cost analysis but has supported his

design approach on the basis of Life Cycle Cost.

5-6 Offeror plans to complete a Life Cycle Cost analysis as part of the contract effort and
has described the process that will be used.

3-4 Offeror plans to complete a Life Cycle Cost analysis as part of the contract effort but
did not describe the process that will be used.

0-2 Life Cycle Cost was not addressed in the Offeror’s proposal.

Figure 19-7. [zvaluation Factors Example
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» Have life cycle support requirements been idens Does the supplier’s proposal address all aspects
tified (e.g. maintenance resource requirements, of total life cycle cost?
spare/repair parts, test and support equipment,
personnel quantities and skills, etc?) Have these Does the supplier have previous experience in
requirements been minimized to the extent the design, development, and production of sys-
possible through design? tem elements/components which are similar in

nature to the item proposed?

» Does the proposed design configuration reflect

growth potential or change flexibility? Proposal Evaluation

» Has the supplier developed a comprehensiv@roposal evaluation factors can be analyzed with
manufacturing and construction plan? Are keyany reasonable trade study approach. Figure 19-8
manufacturing processes identified along withshows a common approach. In this approach each
their characteristics? factor is rated based on the evaluation factor matrix

established for each criteria, such as that shown in

» Does the supplier have an adequate qualityFigure 19-7. It is then multiplied by a weighting
assurance and statistical process contrdiactor based on the perceived priority of each
programs? criteria. All the weighted evaluations are added

together and the highest score wins.

» Does the supplier have a comprehensive
planning effort (e.g. addresses program taskd,ike trade studies the process should be examined
organizational structure and responsibilities, dor sensitivity problems; however, in the case of
WBS, task schedules, program monitoring andource selection, the check must be done with
control procedures, etc.)? anticipated values prior to release of the RFP.
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WT. Proposal A Proposal B Proposal C
Evaluation Criteria Factor
(%) |[Rating | Score [Rating [Score Rating $Score

A. Technical Requirements: 25
1. Performance Characteristics 6 4 24 5 30 5 30
2. Effectiveness Factors 4 3 12 4 16 3 12
3. Design Approach 3 2 6 3 9 1 3
4. Design Documentation 4 3 12 4 16 2 8
5. Test and Evaluation Approach 2 2 4 1 2
6. Product Support Requirements 4 2 8 3 12 2 8
B. Production Capability 20
1. Production Layout 8 5 40 6 48 6 48
2. Manufacturing Process 5 2 10 3 15 4 20
3. Quality Control Assurance 7 5 35 6 42 4 28
C. Management 20
1. Planning (Plans/Schedules) 6 4 24 5 30 4 24
2. Organization Structure 4 4 16 4 12 4 16
3. Available Personnel Resources 5 3 15 3 20 3 15
4. Management Controls 5 3 15 3 20 4 20
D. Total Cost 25
1. Acquisition Price 10 7 70 5 50 6 60
2. Life Cycle Cost 15 9 135 10 150 8 120
E. Additional Factors 10
1. Prior Experience 4 4 16 3 12 3 12
2. Past Performance 6 5 30 5 30 3 18
Grand Total 100 476 516 " 450

* Select Proposal B

Figure 19-8. Source Evaluation
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CHAPTER 20

MANAGEMENT CONSIDERATIONS
AND SUMMARY

20.1 MANAGEMENT CONSIDERATIONS technology life cycles have decreased precipi-
tously. The fact is that, in too many cases, we are
The Acquisition Reform Environment producing excellent systems, but systems that take
too long to produce, cost too much, and are often
No one involved in systems acquisition, eitheroutdated when they are finally produced. The
within the department or as a supplier, can avoidlemand for change has been sounded, and systems
considering how to manage acquisition in theengineering management must respond if change
current reform environment. In many ways, re-is to take place. The question then becomes how
thinking the way we manage the systems engishould one manage to be successful in this envi-
neering process implicit in reforming acquisi- ronment? We have a process that produces good
tion management. Using performance specificasystems; how should we change the process that
tions (instead of detailed design specifications)has served us well so that it serves us better?
leaving design decisions in the hands of
contractors, delaying government control ofAt the heart of acquisition reform is this idea: we
configuration baselines—all are reform measuresan improve our ability to provide our users with
related directly to systems engineering managehighly-capable systems at reasonable cost and
ment. This text has already addressed and acknovdehedule. We can if we manage design and devel-
edged managing the technical effort in a reforropment in a way that takes full advantage of the
environment. expertise resident both with the government and
the contractor. This translates into the government
To a significant extent, the systems engineeringtating its needs in terms of performance outcomes
processes—and systems engineers in general—atesired, rather than in terms of specific design
victims of their own successes in this environmentsolutions required; and, likewise, in having con-
The systems engineering process was created atrdctors select detailed design approaches that
evolved to bring discipline to the business of pro-deliver the performance demanded, and then taking
ducing very complex systems. It is intended taresponsibility for the performance actually
ensure that requirements are carefully analyzedchieved.
and that they flow down to detailed designs. The
process demands that details are understood aiithis approach has been implemented in DoD, and
managed. And the process has been successfil.other government agencies as well. In its earlier
Since the 1960s manufacturers, in concert witlimplementations, several cases occurred where the
government program offices, have produced government managers, in an attempt to ensure that
series of ever-increasingly capable and reliablé¢he government did not impose design solutions
systems using the processes described in than contractors, chose to deliberately distance the
text. The problem is, in too many cases, we havgovernment technical staff from contractors. This
overlaid the process with ever-increasing levelgpresumed that the contractor would step forward
of controls, reports, and reviews. The result ig0 ensure that necessary engineering disciplines
that the cycle time required to produce systemsand functions were covered. In more than one
has increased to unacceptable levels, even asse.the evidence after the fact was that, as the
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government stepped back to a less directive rolaudimentary understanding that communication
in design and development, the contractor did nanvolves two elements—a transmitter and a
take a corresponding step forward to ensure thaeceiver. Even if we have a valid message and the
normal engineering management disciplines wereapacity for expressing our positions in terms that
included. In several cases where problems arosenable others to understand what we are saying,
after-the-fact investigation showed important eletrue communication may not take place if the
ments of the systems engineering process welatended receiver chooses not to receive our mes-
either deliberately ignored or overlooked. sage. What can we do, as engineering manag-
ers to help our own cause as far as ensuring that
The problem in each case seems to have be@&ur communications are received and understood?
failure to communicate expectations between the
government and the contractor, compounded by Eluch can be done to condition others to listen
failure on the part of the government to ensurend give serious consideration to what one says,
that normal engineering management disciplineand, of course, the opposite is equally true—one
were exercised. One of the more important lessorsan condition others to ignore what he/she says. It
learned has been that while the systems engineds primarily a matter of establishing credibility
ing process can—and should be—tailored to théased on integrity and trust.
specific needs of the program, there is substantial
risk ignoring elements of the process. Before oné&irst, however, it is appropriate to discuss the
decides to skip phases, eliminate reviews, or takeystems engineer’s role as a member of the
other actions that appear to deliver shortenethanagement team. Systems engineering, as
schedules and less cost, one must ensure thatacticed in DoD, is fundamentally the practice of
thosedecisions are appropriate for the risks thaengineering management. The systems engineer
characterize the program. is expected to integrate not only the technical
disciplines in reaching recommendations, but also
Arbitrary engineering management decisions yieldo integrate traditional management concerns such
poor technical results. One of the primary requireas cost, schedule, and policy into the technical
ments inherent in systems engineering is to assesgnagement equation. In this role, senior levels
the engineering management program for its comref management expect the systems engineer to
sistency with the technical realities and risks conunderstand the policies that govern the program,
fronted, and to communicate his/her findings ancand to appreciate the imperatives of cost and
recommendations to management. DoD policy ischedule. Furthermore, in the absence of compel-
quite clear on this issue. The government is noljng reasons to the contrary, they expect support
in most cases, expected to take the lead in the def the policies enunciated and they expect the
velopment of design solutions. That, however, doesenior engineer to balance technical performance
not relieve the government of its responsibilitiesobjectives with cost and schedule constraints.
to the taxpayers to ensure that sound technical and
management processes are in place. The systemses this mean that the engineer should place his
engineer must take the lead role in establishingbligation to be a supportive team member above
the technical management requirements for thhis ethical obligation to provide honest engineer-
program and seeing that those requirements arag judgment? Absolutely not! But it does mean
communicated clearly to program managers anthat, if one is to gain a fair hearing for expression

to the contractor. of reservations based on engineering judgment, one
must be viewed as a member of the team. The
Communication — Trust and Integrity individual who always fights the system, always

objects to established policy, and, in general,
Clearly, one of the fundamental requirements forefuses to try to see other points of view will even-
an effective systems engineer is the ability to comtually become isolated. When others cease listen-
municate. Key to effective communication is theing, the communication stops and even valid points
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of view are lost because the intended audience tsow the watch works, but many times communi-
no longer receiving the message—valid or not. cation is enhanced and time saved by providing a

confident and concise answer.
In addition to being a team player, the engineer-
ing manager can further condition others to baVhen the systems engineer has shown him/her-
receptive to his/her views by establishing a repuself to be a strong and knowledgeable engineer
tation for making reasoned judgments. A primarywho can operate effectively in a team environment,
requirement for establishing such a reputation ishen communication problems are unlikely to stand
that the individual must have technical expertisein the way of effective engineering management.
He/she must be able to make technical judgments
that are grounded in a sound understanding of the
principles that govern science and technology. Th&0.2 ETHICAL CONSIDERATIONS
systems engineer must have the education and the
experience that justifies confidence in his/her techThe practice of engineering exists in an environ-
nical judgments. In the absence of that kind ofment of many competing interests. Cost and sched-
expertise, it is unlikely that the engineering man-ule pressures; changes in operational threats,
ager will be able to gain the respect of those witlrequirements, technology, laws, and policies; and
whom he/she must work. And yet, the systemghanges in the emphasis on tailoring policies in a
engineer cannot be expert in all the areas that musbmmon-sense way are a few examples. These
be integrated in order to create a successful sysompeting interests are exposed on a daily basis
tem, consequently, the systems engineer must reas organizations embrace the integrated product
ognize the limits of his/her expertise and be will-and process development approach. The commu-
ing to seek advise when those limits are reachedhication techniques described earlier in this chap-
And, of course, the systems engineer must haver, and the systems engineering tools described
built a reputation for integrity. He/she must havein earlier chapters of this book, provide guidance
demonstrated a willingness to make the principledor engineers in effectively advocating the impor-
stand when that is required and to make the tougtance of the technical aspects of the product in
call, even when there are substantial pressures this environment of competing interests.
do otherwise.

But, what do engineers do when, in their opinion,
Another perhaps small way that engineers cathe integrated team or its leadership are not put-
improve communication with other members ofting adequate emphasis on the technical issues?
their teams, (especially those without an engineeffhis question becomes especially difficult in the
ing background) is to have confidence in thecases of product safety or when human life is at
position being articulated and to articulate thestake. There is no explicit set of rules that directs
position concisely. The natural tendency of manythe individual in handling issues of ethical integ-
engineers is to put forward their position on arity. Ethics is the responsibility of everyone on the
subject along with all the facts, figures, data andntegrated team. Engineers, while clearly the
required proofs that resulted in the position beingadvocate for the technical aspects of the inte-
taken. This sometimes results in explaining how @rated solution, do not have a special role as ethical
watch works when all that was asked was “Whatvatchdogs because of their technical knowledge.
time is it?” Unless demonstrated otherwise, team
members will generally trust the engineer’s judg- Richard T. De George in his article entittetthical
ment and will assume that all the required ratioResponsibilities of Engineers in Large Organiza-
nale is in place, with out having to see it. Therdions: The Pinto Cadanakes the following case:
are some times when it is appropriate to describérhe myth that ethics has no place in engineering

1 Ethical Issues in Engineering, Johnson, Ch 15.
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has been attacked, and at least in some cornersidbst ethical dilemmas in engineering management
the engineering profession been put to rest. Anotheran be traced to different objectives and expecta-
myth, however, is emerging to take its place—thdions in the vertical chain of command. Higher
myth of the engineer as moral hero.” authority knows the external pressures that impact

programs and tends to focus on them. System
This emphasis, De George believes, is misplace@ngineers know the realities of the on-going
“The zeal of some preachers, however, has gondevelopment process and tend to focus on the
too far, piling moral responsibility upon moral internal technical process. Unless there is com-
responsibility on the shoulders of the engineermunication between the two, misunderstandings
Though engineers are members of a profession thahd late information can generate reactive deci-
holds public safety paramount, we cannot reasorsions and potential ethical dilemmas. The challenge
ably expect engineers to be willing to sacrifice theiffor system engineers is to improve communica-
jobs each day for principle and to have a whistlgion to help unify objectives and expectations.
ever by their sides ready to blow if their firm straysDivisive ethical issues can be avoided where
from what they perceive to be the morally rightcommunication is respected and maintained.
course of action.”

What then is the responsibility of engineers t020.3 SUMMARY
speak out? De George suggests as a rule of thumb
that engineers and others in a large organizatiomhe material presented in this book is focused on
are morally permitted to go public with informa- the details of the classic systems engineering
tion about the safety of a product if the following process and the role of the systems engineer as the
conditions are met: primary practitioner where the activities included
in that process are concerned. The systems engi-
1. If the harm that will be done by the product toneering process described has been used success-
the public is serious and considerable. fully in both DoD and commercial product devel-
opment for decades. In that sense, little new or
2. If they make their concerns known to theirrevolutionary material has been introduced in this
superiors. text. Rather, we have tried to describe this time-
proven process at a level of detail that makes it
3. If, getting no satisfaction from their immedi- logical and understandable as a tool to use to plan,
ate supervisors, they exhaust the channeldesign, and develop products that must meet a
available within the operation, including going defined set of requirements.
to the board of directors (or equivalent).
In DoD, the systems engineer must assume the
De George believes if they still get no action at thigole of engineering manager on the program or
point, engineers or others are morally permitted tgroject assigned. He/she must understand that the
make their concerns public but not morally obligatedole of the systems engineer is necessarily differ-
to do so. To have a moral obligation to go publicent from that normal to the narrowly specialized
he adds two additional conditions to those abovefunctional engineer, yet it is also different from
the role played by the program manager. In a sense,
4. The person must have documented evidendhe role of the systems engineer is a delicate one,
that would convince a reasonable, impartialstriving to balance technical concerns with the real
observer that his/her view of the situation ismanagement pressures deriving from cost,
correct and the company policy wrong. schedule, and policy. The systems engineer is often
the person in the middle; it is seldom a comfort-
5. There must be strong evidence that makingble position. This text has been aimed at that
the information public will in fact prevent the individual.
threatened serious harm.
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The first two parts of the text were intended toupon which the design is based. The tools and tech-
first give the reader a comprehensive overview ohiques presented in Part 3 are the primary means
systems engineering as a practice and to demoby which a good engineering management effort
strate the role that systems engineering playaccomplishes these tasks.
within the DoD acquisition management process.
Part 2, in particular, was intended to provideFinally, in Part 4, we presented some of the
relatively detailed insights into the specific considerations beyond the implementation of a
activities that make up the process. The governdisciplined systems engineering process that the
ment systems engineer may find him/herselengineering manager must consider in order to be
deeply involved in some of the detailed activitiessuccessful. Particularly in today’s environment
that are included in the process, while less involveevhere new starts are few and resources often
in others. For example, the government systemkmited, the planning function and the issues asso-
engineer may find him/herself very involved in ciated with product improvement and integrated
requirements definition and analysis, but lesteam management must move to the forefront of
directly involved in design synthesis. However, thethe systems engineer’s thinking from the very early
fact that the government engineer does not directlgtages of his work on any system.
synthesize designs does not relieve him/her from
a responsibility to understand the process and tdhis book has attempted to summarize the primary
ensure that sound practices are pursued in reachetivities and issues associated with the conduct
ing design decisions. It is for this reason thatnd management of technical activities on DoD
understanding details of the process are critical. programs and projects. It was written to supple-
ment the material presented courses at the Defense
Part 3 of the book is perhaps the heart of the tex@ystems Management College. The disciplined
from an engineering management perspective. lapplication of the principles associated with
Part 3, we have presented discussions on a seriggstems engineering has been recognized as one
of topics under the general heading of Systemidicator of likely success in complex programs.
Analysis and Control. The engine that translateg\s always, however, the key is for the practitioner
requirements into designs is defined by the requireto be able to absorb these fundamental principles
ments analysis, functional analysis and allocationand then to tailor them to the specific circumstances
and design synthesis sequence of activities. Mucbonfronted. We hope that the book will prove use-
of the role of the systems engineer is to evaluattul in the future challenges that readers will face
progress, consider alternatives, and ensure the proals engineering managers.
uct remains consistent and true to the requirements
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