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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 framework
for planning and assessing system development.

Information in the book is from various sources, but a good portion is taken from lecture material devel-
oped 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 Managin@he first part introduces the basic concepts that
govern the systems engineering process and how those concepits fit the Department of Defense acquisition
process. Chapter 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.
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CHAPTER 1

INTRODUCTION TO
SYSTEMS ENGINEERING
MANAGEMENT

1.1 PURPOSE 499A,Engineering Managemerit May 1974.
Now cancelled.)

The overall organization of this text is described

in the Preface. This chapter establishes some ef Aninterdisciplinary approach that encompasses

the basic premises that are expanded throughout the entire technical effort, and evolves into and

the book. Basic terms explained in this chapter are verifies an integrated and life cycle balanced

the foundation for following definitions. Key sys-  set ofsystem people, products, and process solu-

tems engineering ideas and viewpoints are pre- tionsthat satisfy customer needs. (EIA Standard

sented, starting with a definition of a system. IS-632,Systems EngineerinDecember 1994.)

» Aninterdisciplinary, collaborative approach that

1.2 DEFINITIONS derives, evolves, and verifies a life-cycle bal-
anced system solution which satisfies customer
A System Is ... expectations and meets public acceptability.

(IEEE P1220,Standard for Application and
Simply stated, a system is an integrated composite Management of the Systems Engineering
of people, products, and processes that provide a Process[Final Draft], 26 September 1994.)
capability to satisfy a stated need or objective.
In summary, systems engineering is an interdisci-
Systems Engineering Is... plinary engineering management process that
evolves and verifies an integrated, life-cycle bal-
Systems engineering consists of two significantinced set of system solutions that satisfy customer
disciplines: the technical knowledge domain inneeds.
which the systems engineer operates, and systems
engineering management. This book focuses o8ystems Engineering Management Is...
the process of systems engineering management.
As illustrated by Figure 1-1, systems engineering
Three commonly used definitions of systemsmanagement is accomplished by integrating three
engineering are provided by the best known techmajor activities:
nical standards that apply to this subject. They all
have a common theme: » Development phasing that controls the design
process and provides baselines that coordinate
+ A logical sequence of activities and decisions design efforts,
that transforms an operational need into a de-
scription of system performance parameters and A systems engineering process that provides
a preferred system configuration. (MIL-STD-  a structure for solving design problems and
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Figure 1-1. Three Activities of Systems Engineering Management

tracking requirements flow through the designThe systems engineering process is the heart of
effort, and systems engineering management. Its purpose is
to provide a structured but flexible process that
» Life cycle integration that involves customerstransforms requirements into specifications, archi-
in the design process and ensures that the systdattures, and configuration baselines. The disci-
developed is viable throughout its life. pline of this process provides the control and trace-
ability to develop solutions that meet customer
Each one of these activities is necessary to achieveeeds. The systems engineering process may be
proper management of a development effort. Phasepeated one or more times during any phase of
ing has two major purposes: it controls the desigthe development process.
effort and is the major connection between the tech-
nical management effort and the overall acquisiLife cycle integration is necessary to ensure that
tion effort. It controls the design effort by devel- the design solution is viable throughout the life of
oping design baselines that govern each level dhe system. It includes the planning associated with
development. It interfaces with acquisition man-product and process development, as well as the
agement by providing key events in the developintegration of multiple functional concerns into the
ment process, where design viability can be asdesign and engineering process. In this manner,
sessed. The viability of the baselines developed igroduct cycle-times can be reduced, and the need
a major input for acquisition management Mile-for redesign and rework substantially reduced.
stone (MS) decisions. As a result, the timing and
coordination between technical development
phasing and the acquisition schedule is critical td.3 DEVELOPMENT PHASING
maintain a healthy acquisition program.
Development usually progresses through distinct
levels or stages:
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» Concept level, which produces a system conceptescriptions, and the product baseline for the sub-
description (usually described in a conceptystem/component detail descriptions. Figure 1-2
study); shows the basic relationships between the baselines.

The triangles represent baseline control decision

» System level, which produces a system descrigpoints, and are usually referred to as technical re-

tion in performance requirement terms; and views or audits.

» Subsystem/Component level, which produced.evels of Development Considerations
first a set of subsystem and component product
performance descriptions, then a set ofSignificant 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 be
level of system development, one level at a timeshown in the next chapter, this review and audit
to produce these descriptions commonly calleghrocess also provides the necessary assessment of
configuration baselines. This results in a series afystem maturity, which supports the DoD
configuration baselines, one at each developmemilestone decision process.
level. These baselines become more detailed with
each level.
1.4 THE SYSTEMS ENGINEERING
In the Department of Defense (DoD) the configu- PROCESS
ration baselines are called the functional baseline
for the system-level description, the allocatedThe systems engineering process is a top-down
baseline for the subsystem/ comput performance comprehensive, iterative and recursive problem

Concept Studies
]

*

DESIGN DEFINITION _
* System Definiiton

(Functional Baseline)

DESIGN DEFINITION . .
* Preliminary Design

(Allocated Baseline)

DESIGN DEFINITION Detail Design
v (Product Baseline)

Figure 1-2. Development Phasing
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solving process, applied sequentially through alDuring the systems engineering process architec-
stages of development, that is used to: tures are generated to better describe and under-
stand the system. The word “architecture” is used
» Transform needs and requirements into a set oh various contexts in the general field of engi-
system product and process descriptions (addieering. It is used as a general description of how
ing value and more detail with each level ofthe subsystems join together to form the system. It
development), can also be a detailed description of an aspect of a
system: for example, the Operational, System, and
» Generate information for decision makers, andlrechnical Architectures used in Command, Con-
trol, Communications, Computers, Intelligence,
» Provide input for the next level of development.Surveillance, and Reconnaissance (C4ISR), and
software intensive developments. However, Sys-
As illustrated by Figure 1-3, the fundamental systems Engineering Management as developed in
tems engineering activities are RequirementoD recognizes three universally usable architec-
Analysis, Functional Analysis and Allocation, andtures that describe important aspects of the system:
Design Synthesis—all balanced by techniques anfilinctional, physical, and system architectures. This
tools collectively called System Analysis and Con-book will focus on these architectures as neces-
trol. Systems engineering controls are used to trackary components of the systems engineering
decisions and requirements, maintain technicgbrocess.
baselines, manage interfaces, manage risks, track
cost and schedule, track technical performancélhe Functional Architecturaédentifies and struc-
verify requirements are met, and review/audit thaures the allocated functional and performance

progress. requirements. Thhysical Architectureepicts the
P
R
(0]
C
E .
S —> Requirements ‘\ System Analysis
S Analysis and Control

(Balance)
Requirements
Loop

Functional Analysis
and Allocation

- CUZzZz-—

Design
Loop

v
Design Synthesis

Verification

PROCESS OUTPUT

Figure 1-3. The Systems Engineering Process
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system product by showing how it is broken downe Technical specialty areas, such as safety, risk
into subsystems and components. Bstem management, quality, etc., or
Architectureidentifies all the products (including
enabling products) that are necessary to suppoft When appropriate, business areas such as
the system and, by implication, the processes finance, cost/budget analysis, and contracting.
necessary for development, production/construc-
tion, deployment, operations, support, disposall.ife Cycle Functions
training, and verification.
Life cycle functions are the characteristic actions
Life Cycle Integration associated with the system life cycle. As illustrated
by Figure 1-4, they are development, production
Life cycle integration is achieved through inte-and construction, deployment (fielding), opera-
grated development—that is, concurrent considtion, support, disposal, training, and verification.
eration of all life cycle needs during the develop-These activities cover the “cradle to grave” life
ment process. DoD policy requires integratedcycle process and are associated with major func-
development, called Integrated Product and Prodional groups that provide essential support to the
uct Development (IPPD) in DoD, to be practicedlife cycle process. These key life cycle functions
at all levels in the acquisition chain of commandare commonly referred to as the eight primary
as will be explained in the chapter on IPPD. Confunctions of systems engineering.
current consideration of all life cycle needs can be
greatly enhanced through the use of interdiscipliThe customers of the systems engineer perform
nary teams. These teams are often referred to #se life-cycle functions. The system user’s needs
Integrated Product Teams (IPTs). are emphasized because their needs generate the
requirement for the system, but it must be remem-
The objective of an Integrated Product Team is tobered that all of the life-cycle functional areas
generate requirements for the systems engineer-
» Produce a design solution that satisfies initiallying process once the user has established the basic
defined requirements, and need.Those that perform the primary functions
also provide life-cycle representation in design-
« Communicate that design solution clearly,level integrated teams.
effectively, and in a timely manner.
Primary Function Definitions
Multi-functional, integrated teams:
Developmentincludes the activities required to
» Place balanced emphasis on product and procegsolve the system from customer needs to product
development, and or process solutions.

* Require early involvement of all disciplines Manufacturing/Production/Constructionin-
appropriate to the team task. cludes the fabrication of engineering test models
and “brass boards,” low rate initial production,
Design-level IPT members are chosen to meet thiell- rate production of systems and end items, or
team objectives and generally have distinctive comthe construction of large or unique systems or sub-
petence in: systems.

» Technical management (systems engineeringeployment (Fielding)ncludes 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.
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Figure 1-4. Primary Life Cycle Functions

Operation is the user function and includes Systems Engineering Considerations

activities necessary to satisfy defined operational

objectives and tasks in peacetime and wartim&ystems engineering is a standardized, disciplined

environments. management process for development of system
solutions that provides a constant approach to

Supportincludes the activities necessary to pro-system development in an environment of change

vide operations support, maintenance, logisticsand uncertainty. It also provides for simultaneous

and material management. product and process development, as well as a
common basis for communication.

Disposalincludes the activities necessary to ensure

that the disposal of decommissioned, destroyedsystems engineering ensures that the correct

or irreparable system components meets allechnical tasks get done during development

applicable regulations and directives. through planning, tracking, and coordinating.
Responsibilities of systems engineers include:

Training includes the activities necessary to

achieve and maintain the knowledge and skill levels Development of a total system design solution

necessary to efficiently and effectively perform that balances cost, schedule, performance, and

operations and support functions. risk,

Verification includes the activities necessary toe Development and tracking of technical

evaluate progress and effectiveness of evolving information needed for decision making,

system products and processes, and to measure

specification compliance. » \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 sys- This book provides a conceptual-level description
tem and subsystems using an open systentd 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 re-

1.5 GUIDANCE tained to provide continuity and control. For com-

plex system designs, a full and documented un-

DoD 5000.2-R establishes two fundamentalderstanding of what the system must do should

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

» ltrequires 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 and/dmpacts to cost and schedule. Tailored processes
requirements. Tailoring considerations includethat 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, consional 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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Chapter 1

The systems engineering process is a prob-
lem-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
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 establish the broad responsibilities and ground
rules to be followed in funding and acquiring major
The DoD acquisition process has its foundation irassets. The departments of the executive branch of
federal policy and public law. The development,government are then expected to draft their own
acquisition, and operation of military systems isguidance consistent with the guidelines estab-
governed by a multitude of public laws, formallished. The principal guidance for defense system
DoD directives, instructions and manuals, numeracquisitions is the DoD 5000 series of directives
ous Service and Component regulations, and margnd regulations. These documents reflect the
inter-service and international agreements. actions required of DoD acquisition managers to:

Managing the development and fielding of mili-* Translate operational needs into stable,
tary systems requires three basic activities: tech- affordable programs,

nical management, business management, and con-

tract management. As described in this books Acquire quality products, and

systems engineering management is the technical

management component of DoD acquisitions Organize for efficiency and effectiveness.
management.

The acquisition process runs parallel to the require2.2 RECENT CHANGES

ments generation process and the budgeting pro-

cess (Planning, Programming, and Budgeting SysFhe DoD 5000 series documents were revised in
tem.) User requirements tend to be event drive2000 to make the process more flexible, enabling
by threat. The budgeting process is date driven bthe delivery of advanced technology to warfighters
constraints of the Congressional calendar. Systenmore rapidly and at reduced total ownership cost.
Engineering Management bridges these processa@$ie new process encourages multiple entry points,
and must resolve the dichotomy of event driverdepending on the maturity of the fundamental tech-
needs, event driven technology development, andologies involved, and the use of evolutionary meth-

a calendar driven budget. ods to define and develop systems. Emisourages
a tailored approach to acquisition and engineering
Direction and Guidance management, but it does not alter the basic logic

of the underlying systems engineering process.
The Office of Management and Budget (OMB)
provides top-level guidance for planning, budget-
ing, and acquisition in OMB Circular A-11, Part 2.3 ACQUISITION LIFE CYCLE
3, and the Supplemental Capital Programming
Guide: Planning, Budgeting, and Acquisition of The revised acquisition process for major defense
Capital Assets, July 1997. These documentsystems is shown in Figure 2-1. The process is

11
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« Process entry at
Milestones A, B, or C
(or within phases)

Milestones

* Program outyear funding
when it makes sense, but
no later than Milestone B

Single Step or
Evolution

10C to Full Capacity
Concept and System Production Sustainment
Technology Development and and and
Development Demonstration Deployment Disposal
Pre-Systems Systems Acquisition Sustainment
Acquisition (Engineering Development, Demonstration, and
LRIP and PI’OdUCtiOI"I) Maintenance

MNS l ORD All validated by JROC

Relationship to Requirements Process

Figure 2-1. Revised DoD 5000 Acquisition Process

defined by a series of phases during which techthe Concept and Technology Development phase
nology is defined and matured into viable conceptss made formally at the Milestone A forum.
which are subsequently developed and readied for
production, after which the systems produced ar&he Concept and Technology Development
supported in the field. phase begins with concept exploration. During this
stage, concept studies are undertaken to define al-
The process allows for a given system to enter thernative concepts and to provide information about
process at any of the development phases. For ezapability and risk that would permit an objective
ample, a system using unproven technology wouldomparison of competing concepts. A decision
enter at the beginning stages of the process amdview is held after completion of the concept ex-
would proceed through a lengthy period of techploration activities. The purpose of this review is
nology maturation, while a system based on mato determine whether further technology develop-
ture and proven technologies might enter directlyment is required, or whether the system is ready to
into engineering development or, conceivably, evemnter into system acquisition. If the key technolo-
production. The process itself (Figure 2-1) includegyies involved are reasonably mature and have al-
four phases of development. The fil€oncept ready been demonstrated, the Milestone Decision
and Technology Developmentis intended to ex- Authority (MDA) may agree to allow the system
plore alternative concepts based on assessmengsproceed into system acquisition; if not, the sys-
of operational needs, technology readiness, riskem may be directed into a component advanced
and affordability. Entry into this phasmes not development stage. (See Supplement A to this
imply that DoD has committed to a new acquisi-chapter for a definition of Technology Readiness
tion program; rather, it is the initiation of a pro- levels.) During this stage, system architecture defi-
cess to determine whether or not a need (typicallpition will continue and key technologies will be
described in a Mission Need Statement (MNS))Jemonstrated in order to ensure that technical and
can be met at reasonable levels of technical riskost risks are understood and are at acceptable lev-
and at affordable costs. The decision to enter intels prior to entering acquisition. In any event, the

12
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Concept and Technology Development phase endle process is a function of technology maturity,
with a defined system architecture supported bygo the possibility exists that a system could enter
technologies that are at acceptable levels of matuirectly into this phase if it were sufficiently ma-
rity to justify entry into system acquisition. ture, for example, a commercial product to be pro-
duced for defense applications. However the entry
Formal system acquisition begins with a Milestonds made—directly or through the maturation pro-
B decision. The decision is based on an integrateckss described, the production readiness and LRIP
assessment of technology maturity, user requirestage is where initial operational test, live fire test,
ments, and funding. A successful Milestone B isand low rate initial production are conducted. Upon
followed by theSystem Development and Dem- completion of the LRIP stage and following a
onstration phase. This phase could be entered difavorable Beyond LRIP test report, the system enters
rectly as a result of a technological opportunitythe rate production and deployment stage during
and urgent user need, as well as having comwhich the item is produced and deployed to the
through concept and technology development. Thaser. As the system is produced and deployed, the
System Development and Demonstration phasénal phase, Sustainment and Disposal, begins.
consists of two stages of development, system
integration and system demonstration. Dependinghe last, and longest, phase is Bustainment
upon the maturity level of the system, it could enteand Disposalphase of the program. During this
at either stage, or the stages could be combineghase all necessary activities are accomplished to
This is the phase during which the technologiesmaintain and sustain the system in the field in the
components and subsystems defined earlier are firgtost cost-effective manner possible. The scope of
integrated at the system level, and then demoractivities is broad and includes everything from
strated and tested. If the system has never beemaintenance and supply to safety, health, and en-
integrated into a complete system, it will enter thisvironmental management. This period may also
phase at the system integration stage. When sulmclude transition from contractor to organic sup-
systems have been integrated, prototypes demopert, if appropriate. During this phase, modifica-
strated, and risks are considered acceptable, thiens and product improvements are usually imple-
program will normally enter the system demon-mented to update and maintain the required levels
stration stage following an interim review by the of operational capability as technologies and threat
MDA to ensure readiness. The system demonstraystems evolve. At the end of the system service
tion stage is intended to demonstrate that the systédlife it is disposed of in accordance with applicable
has operational utility consistent with the opera-classified and environmental laws, regulations, and
tional requirements. Engineering demonstratiordirectives. Disposal activities also include recy-
models are developed and system level develomling, material recovery, salvage of reutilization,
ment testing and operational assessments are pand disposal of by-products from development and
formed to ensure that the system performs aproduction.
required. These demonstrations are to be conducted
in environments that represent the eventual operda-he key to this model of the acquisition process is
tional environments intended. Once a system hahat programs have the flexibility to enter at any
been demonstrated in an operationally relevantf the first three phases described. The decision as
environment, it may enter the Production ando where the program should enter the process is
Deployment phase. primarily a function of user needs and technology
maturity. The MDA makes the decision for the
TheProduction and Deploymentphase consists program in question. Program managers are
of two stages: production readiness and low ratencouraged to work with their users to develop evo-
initial production (LRIP), and rate production lutionary acquisition strategies that will permit
and deployment. The decision forum for entry intodeliveries of usable capabilities in as short a time-
this phase is the Milestone C event. Again, thdrame as possible, with improvements and en-
fundamental issue as to where a program entetsancements added as needed through continuing

13
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definition of requirements and development activi-3. Characterize and manage technical risks.
ties to support the evolving needs.
4. Apply scientific and engineering principles to
identify security vulnerabilities and to minimize
2.4 SYSTEMS ENGINEERING or contain associated information assurance and
INACQUISITION force protection risks.

As required by DoD 5000.2-R, the systemsThese objectives are accomplished with use of the

engineering process shall: management concepts and techniques described in

the chapters which follow in this book. The appli-

1. Transform operational needs and requirementsation of systems engineering management coin-
into an integrated system design solutioncides with acquisition phasing. In order to support
through concurrent consideration of all life- milestone decisions, major technical reviews are
cycle needs (i.e., development, manufacturinggconducted to evaluate system design maturity.
test and evaluation, verification, deployment,
operations, support, training and disposal). Concept and Technology Development

2. Ensure the compatibility, interoperability and The Concept and Technology Development phase
integration of all functional and physical inter- consists of two pre-acquisition stages of develop-
faces and ensure that system definition andnent. The firstConcept Exploration, is repre-
design reflect the requirements for all systensented in Figure 2-2. The exploration of concepts
elements: hardware, software, facilities, peopleis usually accomplished through multiple short-
and data; and term studies. Development of these studies is

Analysis of Alternatives
Operational Analysis

R&D Activities

Technology Opportunity
Assessments and Analysis ORD Development

Preferred Concepts

Market Research

Technology
Opportunity Business Process A
Assessments Reengineering

Technical Review Decision

Review,

System Engineering Process
(System Architecting)

 Alternative Concepts Defined

* Key Requirements Defined

» Key Cost, Schedule, Performance
Objectives Established

Figure 2-2. Concept and Technology Development (Concept Exploration Stage)

14
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expected to employ various techniques includindf the details of the concept require definition,
the systems engineering process that translaté®.,the system has yet to be designed and demon-
inputs into viable concept architectures whosestrated previously, or the system appears to be
functionality can be traced to the requirements. Ibased on technologies that hold significant risk,
addition, market surveys, Business Process Reendhen it is likely that the system will proceed to the
neering activities, operational analysis, and tradeecond stage of the Concept and Technology
studies support the process. Development phase. This stagegmponent
Advanced Developmentis represented in Figure
The primary inputs to these activities include2-3. This is also a pre-acquisition stage of devel-
requirements, in form of the MNS, assessments apment and is usually characterized by extensive
technology opportunities and status, and the ouinvolvement of the DoD Science and Technology
puts from any efforts undertaken to explore potenfS&T) community. The fundamental objectives of
tial solutions. When the contractor studies ardhis stage of development are to define a system-
complete, a specific concept to be pursued itevel architecture and to accomplish risk-reduction
selected based on a integrated assessment of teelttivities as required to establish confidence that
nical performance; technical, schedule and coghe building blocks of the system are sufficiently
risk; as well as other relevant factors. A decisionwvell-defined, tested and demonstrated to provide
review is then held to evaluate the concept recontonfidence that, when integrated into higher level
mended and the state of technology upon whiclassemblies and subsystems, they will perform
the concept depends. The MDA then makes areliably.
decision as to whether the concept development
work needs to be extended or redirected, or wheth@&evelopment of a system-level architecture entails
the technology maturity is suc¢hat the program continuing refinement of system level requirements
can proceed directly to either Misgone B (System based on comparative analyses of the system con-
Development and Demonstration) or Milestone Ccepts under consideration. It also requires that
(Production and Deployment). consideration be given to the role that the system

Continued Concept Exploration
Activities As Appropriate

System Architecture
Developed

Advanced Concept Technology
Demonstration Component Technology
Demonstrated

Systems Engineering Process
(System Architecture Developed)

Decision

ORD Development H

Figure 2-3. Concept and Technology Development
(Component Advanced Development Stage)
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will play in the system of systems of which it will and are mature enough to justify their use in a sys-
be a part. System level interfaces must be estalbem design and development effort. The next stage
lished. Communications and interoperability re-of the life cycle involves engineering development,
guirements must be established, data flows definedp research and development (R&D) activities
and operational concepts refined. Top level planeonducted within the science and technology
ning should also address the strategies that will bappropriations should be completed during this
employed to maintain the supportability andstage.
affordability of the system over its life cycle
including the use of common interface standardSystem Development and Demonstration
and open systems architectures. Important design
requirements such as interoperability, open systhe decision forum for entry into the System
tems, and the use of commercial componentBevelopment and Demonstration (SD&D) phase
should also be addressed during this stage of thethe Milestone B event. Entry into this phase rep-
program. resentgprogram initiation the formal beginning

of a system acquisition effort. This is the govern-
Risk reduction activities such as modeling andnent commitment to pursue the program. Entry
simulation, component testing, bench testing, andequires mature technology, validated require-
man-in-the-loop testing are emphasized as decinents, and funding. At this point, the program re-
sions are made regarding the various technologiasiirement must be defined by an Operational Re-
that must be integrated to form the system. Thguirements Document (ORD). This phase consists
primary focus at this stage is to ensure that the keyf two primary stages, system integration (Figure
technologies that represent the system componer2s4) and system demonstration (Figure 2-5).
(assemblies and sub-systems) are well understood

Approved Functional Baseline
L B B N N |

Draft Allocated Baseline

A e e Requrements | S ((System Anaysi - .- P T 7 *

d
‘ n
Analysis (Balance)
X 4

Y
Requirements
Loop

v

Functional Analysis
ORD and Allocation

-~

Preliminary and
Detail Design
Efforts

Design

Loop
Verification A
Design Synthesis

Requirements Tech

MS B Review Review
Prototype

Demonstration

System Definition Effort

——————

Preliminary Design Effort

Figure 2-4. System Development and Demonstration
(System Integration Stage)
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Functional Approved Functional and Allocated Baseline
Baseline
/ System Analysis.

Wr’ Requirements and Control
Analysis (Balance)

P 4 Requirements
ORD (Rev) Functional
Analysis
Design
o Loop
N Verification

Design Synthesis

Draft Product Initial Product

Baseline Baseline
7 e (™ .
K 4 Requirements Caenes) 4 Production
— Readiness
Analysis and
Design .
Verification LED Desi gn
S e Completion

A

Technical Review

Previous
Phase

Design Reviews

System Demonstration

Preliminary Design Effort

Detail Design Effort

Figure 2-5. System Development and Demonstration
(System Demonstration Stage)

There is no hard and fast guidance that stipulatg®ne not previously defined and developed), this
precisely how the systems engineering process &age will continue the work begun in the compo-
to intersect with the DoD acquisition process.nent advanced development stage, but the flavor
There are no specified technical events, e.g., Dobf the effort now becomes oriented to engineering
designated technical reviews, that are to be accomlevelopment, rather than the research-oriented
plished during identified stages of the SD&D efforts that preceded this stage. A formal ORD,
phase. However, the results of a SD&D phaséechnology assessments, and a high-level system
should support a production go-ahead decision architecture have been established. (These will
Milestone C. That being the case, the proces®rm major inputs to the systems engineering
described below reflects a configuration controlprocess.) The engineering focus becomes estab-
approach that includes a system level design (fundishment and agreement on system level technical
tional baseline), final preliminary desig(@lo- requirements stated such that designs based on
cated baselines), and detail designs (initial prodthose technical requirements will meet the intent
uct baselines). Along with their associated docuef the operational requirements. The system level
mentation, they represent the systems engineeririgchnical requirements are stabilized and docu-
products developed during SD&D that are mosinented in an approved system level requirements
likely needed to appropriately support Milestone Cspecification. In addition, the system-level require-

ments baseline (functional baseline) is established.
System Integrationis that stage of SD&D that This baseline is verified by development and
applies to systems that have yet to achieve systedemonstration of prototypes that show that key
level design maturity as demonstrated by the intetechnologies can be integrated and that associated
gration of components at the system level in relfisks are sufficiently low to justify developing the
evant environments. For an unprecedented systegystem.
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Program initiation signals the transition from anthe product or system. The product baseline is
S&T focus to management by the program officedrafted as the design is elaborated. This physical
The R&D community, the users, and the prograntdescription of the system may change as a result
office may have all been involved in defining theof testing that will follow, but it forms the basis
concepts and technologies that will be key to thdor initial fabrication and demonstration of these
system development. It is appropriate at this poinftems. If the system has been previously designed
therefore, to conduct a thorough requirements analgnd fabricated, then, clearly, this process would
sis and review to ensure that the user, the contrabe curtailed to take advantage of work already
tor, and the program office all hold a common viewcompleted.
of the requirements and to preserve the lessons
learned through the R&D efforts conducted in the~ollowing the elaboration of the detailed design,
earlier phase. The risk at this point can be highgomponents and subsystems are fabricated, inte-
because misunderstandings and errors regardinggated, and tested in a bottom-up approach until
system-level requirements will flow down to sub- system level engineering demonstration models are
sequent designs and can eventually result in ovedeveloped. These demonstration models are not,
runs and even program failure. The contractor wilks a rule, production representative systems.
normally use the occasion of the system requireRather, they are system demonstration models, or
ments review early in this stage to set the funcintegrated commercial items, that serve the pur-
tional baseline that will govern the flow-down of pose of enabling the developer to accomplish
requirements to lower level items as preliminarydevelopment testing on the integrated system.
designs are elaborated. These models are often configured specifically to
enable testing of critical elements of the system,
The Interim Progress Review held between Sysfor example, in the case of an aircraft development,
tem Integration and System Demonstration has nthere may be separate engineering demonstration
established agenda. The agenda is defined by tmodels developed specifically to test the integrated
MDA and can be flexible in its timing and con- avionics subsystems, while others demonstrate the
tent. Because of the flexibility built into the flying qualities and flight controls subsystems.
acquisition process, not all programs will conform
to the model presented here. Programs may finBor purposes of making decisions relative to
themselves in various stages of preliminary desigprogress through the acquisition process, these
and detailed design as the program passes froaystem-level demonstrations are not intended to
one stage of the SD&D phase to the succeedinge restricted to laboratory test and demonstrations.
stage. With these cavedlystem Demonstration They are expected to include rigorous demonstra-
(Figure 2-5) is the stage of the SD&D phase durtions that the integrated system is capable of per-
ing which preliminary and detailed designs aregforming operationally useful tasks under conditions
elaborated, engineering demonstration models athat, while not necessarily equal to the rigor of
fabricated, and the system is demonstrated iformal operational testing, represent the eventual
operationally relevant environments. environment in which the system must perform.
The result of these demonstrations provide the
System level requirements are flowed down to theonfidence required to convince the decision-
lower level items in the architecture and require-maker (MDA) that the system is ready to enter the
ments are documented in the item performancproduction phase of the life cycle. This implies
specifications, which represent the preliminarythat the system has demonstrated not only that
design requirements for those items. The item petechnical performance is adequate, but also that
formance specifications and supporting documenthe affordability, supportability, and producibility
tation, when finalized, together form the allocatedrisks are sufficiently low to justify a production
baseline for the system. Design then proceeddecision.
toward the elaboration of a detailed design for
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Production Readiness and LRIP Rate Production and Deployment

Establish Manufacturing Capability
Low Rate Initial Production
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Figure 2-6. Production and Deployment

Production and Deployment is also the means by which manufacturing rates
are ramped upward to the rates intended when
Milestone C is the decision forum for entry into manufacturing is fully underway.
the Production and Deployment phase of the
program. Like other phases, this phase is alsBollowing the completion of formal testing, the
divided into stages of development. Productiorsubmission of required Beyond-LRIP and Live Fire
Readiness and LRIP is the first of these. At thisTest reports, and a full-rate production decision
point, system-level demonstrations have beeby the MDA, the system enters the Rate Production
accomplished and the product baseline is definednd Deployment stage. After the decision to go to
(although it will be refined as a result of the activi-full-rate production, the systems engineering
ties undertaken during this phase). The effort iprocess is used to refine the design to incorporate
now directed toward development of the manufacfindings of the independent operational testing,
turing capability that will produce the product or direction from the MDA, and feedback from
system under development. When a manufactudeployment activities. Once configuration changes
ing capability is established, a LRIP effort begins.have been made and incorporated into production,
and the configuration and production is consid-
The development of a LRIP manufacturing capaered stable, Follow-on Operational Test and Evalu-
bility has multiple purposes. The items producedation (FOT&E), if required, is typically performed
are used to proof and refine the production lineon the stable production system. Test results are
itself, items produced on this line are used for Ini-used to further refine the production configuration.
tial Operational Test and Evaluation (IOT&E) andOnce this has been accomplished and production
Live Fire Test and Evaluation (LFT&E), and this again becomes stable, detailed audits are held to
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confirm that the Product Baseline documentatiorsystem transitions to the Sustainment and Disposal
correctly describes the system being producedohase of the system life cycle—the longest and
The Product Baseline is then put under formamost expensive of all phases.
configuration control.

Sustainment and Disposal
As the system is produced, individual items are
delivered to the field units that will actually em- There is no separate milestone decision required
ploy and use them in their military missions. Carefor a program to enter this phase of the system life
ful coordination and planning is essential to makeeycle. The requirement for the Sustainment phase
the deployment as smooth as possible. Integratad implicit in the decision to produce and deploy
planning is absolutely critical to ensure that thethe system. This phase overlaps the Production
training, equipment, and facilities that will be re-phase. Systems Engineering activities in the
guired to support the system, once deployed, arBustainment phase are focused on maintaining
in place as the system is delivered. The systentbe system’s performance capability relative to
engineering function during this activity is focusedthe threat the system faces. If the military threat
on the integration of the functional specialties tochanges or a technology opportunity emerges, then
make certain that no critical omission has beethe system may require modification. These
made that will render the system less effective thamodifications must be approved at an appropriate
it might otherwise be. Achieving the user’s requiredevel for the particular change being considered.
initial operational capability (IOC) schedule de- The change then drives the initiation of new sys-
mands careful attention to the details of the transitems engineering processes, starting the cycle (or
tion at this point. Furthermore, as the system iparts of it) all over again.
delivered and operational capability achieved, the
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Block uirements
ificar onary R€
Modificationg E\,o\ut\og e\\l’e\ opment
Testa
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System Analysis
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Requirements
Loop

Productior

Functional Analysis
Iltems

and Allocation

Design
Loop

Verification

h 4
I Design Synthesis

__—

Figure 2-7. Sustainment and Disposal
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Also, in an evolutionary development environmentsystem, then the program definition and risk
there will be a continuing effort to develop andreduction efforts could be adjusted appropriately.
refine additional operational requirements based
on the experience of the user with the portion oft is the role of the system engineer to advise the
the system already delivered. As new requirementgrogram manager of the recommended path that
are generated, a new development cycle beginthe development should take, outlining the reasons
with technology demonstrations, risk reduction,for that recommendation. The decision as to the
system demonstrations and testing—the same cycégpropriate path through the process is actually
just described—all tailored to the specific needgnade by the MDA, normally based on the recom-
and demands of the technology to be added to threendation of the program manager. The process
core system already delivered. must be tailored to the specific development, both
because it is good engineering and because it is
The final activity in the system life cycle is Dis- DoD policy as part of the Acquisition Reform ini-
posal. System engineers plan for and conduct sysative. But tailoring must done with the intent of
tem disposal throughout the life cycle beginningpreserving the requirements traceability, baseline
with concept development. System componentsontrol, lifecycle focus, maturity tracking, and
can require disposal because of decommissioningntegration inherent in the systems engineering
their destruction, or irreparable damage. In addiapproach. The validity of tailoring the process
tion, processes and material used for developmerghould always be a risk management issue. Acqui-
production, operation, or maintenance can raissition Reform issues will be addressed again in Part
disposal issues throughout the life cycle. DisposalV of this text.
must be done in accordance with applicable laws,
regulations, and directives that are continually
changing, usually to require more severe con2.5 SUMMARY POINTS
straints. They mostly relate to security and environ-
ment issues that include recycling, material recove The development, acquisition, and operation of
ery, salvage, and disposal of by-products from military systems is governed by a multitude of

development and production. public laws, formal DoD directives, instructions
and manuals, numerous Service and Compo-
Every Development is Different nent regulations, and many inter-service and

international agreements.
The process described above is intended to be very
flexible in application. There is no “typical” sys- « The system acquisition life cycle process is a
tem acquisition. The process is therefore defined model used to guide the program manager through
to accommodate a wide range of possibilities, from  the process of maturing technoloogised sys-
systems that have been proven in commercial tems and readying them for production and
applications and are being purchased for military deployment to military users.
use, to systems that are designed and developed
essentially from scratch. The path that the system The acquisition process model is intended to
development takes through the process will depend be flexible and to accommodate systems and
primarily on the level of maturity of the technol-  technologies of varying maturities. Systems
ogy employed. As explained in the preceding dis- dependent on immature technologies will take
cussion, if the system design will rely significantly  longer to develop and produce, while those that
on the use of proven or commercial items, then employ mature technologies can proceed
process can be adjusted to allow the system to skip through the process relatively quickly.
phases, or move quickly from stage to stage within
phases. If the type of system is well understood The system engineering effort is integrated into
within the applicable technical domains, oritisan the systems acquisition process such that the
advanced version of a current well understood activities associated with systems engineering
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(development of documentation, technical re-
views, configuration management, etc.) support
and strengthen the acquisition process. The
challenge for the engineering manager is to
ensure that engineering activities are conducted
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at appropriate points in the process to ensure
that the system has, in fact, achieved the levels
of maturity expected prior to progressing into
succeeding phases.
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SUPPLEMENT 2-A

TECHNOLOGY
READINESS LEVELS

Technology Readiness Level

Description

1.

Basic principles observed
and reported.

Lowest level of technology readiness. Scientific research
to be translated into technology’s basic properties.

begins

Technology concept and/or
application formulated.

Invention begins. Once basic principles are observed, pr
applications can be invented. The application is speculativ
there is no proof or detailed analysis to support the assump
Examples are still limited to paper studies.

pctical
e and
tion.

Analytical and experimenta
critical function and/or char-
acteristic proof of concept.

Active R&D is initiated. This includes analytical studies ar
laboratory studies to physically validate analytical predicti
of separate elements of the technology. Examples includg
components that are not yet integrated or representative.

d
DNS

17

Component and/or bread-
board validation in labora-
tory environment.

Basic technological components are integrated to establ

the pieces will work together. This is relatively “low fidelity

compared to the eventual system. Examples include integ
of “ad hoc” hardware in a laboratory.

sh that

ation

Component and/or bread-
board validation in relevant
environment.

Fidelity of breadboard technology increases significantly
basic technological components are integrated with reasd

realistic supporting elements so that the technology can b¢

tested in simulated environment. Examples include “high
fidelity” laboratory integration of components.

The
nably

D

System/subsystem model @
prototype demonstration in
relevant environment.

r
el

Representative model or prototype system, which is wel
the breadboard tested for level 5, is tested in a relevant ¢
ment. Represents a major step up in a technology’s demd

beyond
nviron-
n_

strated readiness. Examples include testing a prototype in @ high

fidelity laboratory environment or in a simulated operational
environment.

System prototype demon-
stration in an operational
environment.

Prototype near or at planned operational system. Repres
major step up from level 6, requiring the demonstration o
actual system prototype in an operational environment.

Examples include testing the prototype in a test bed aircrafi.

(continued)

ents a
an
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Technology Readiness Level

Description

qualified through test and
demonstration.

8. Actual system completed and Technology has been proven to work in its final form and

under

expected conditions. In almost all cases, this level represgnts the
end of true system development. Examples include develgp-
mental test and evaluation of the system in its intended weapon

system to determine if it meets design specifications.

9. Actual system proven
through successful mission
operations.

Actual application of the technology in its final form and under
mission conditions, such as those encountered in operatjonal
test and evaluation. Examples include using the system under

operational mission conditions.
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SUPPLEMENT 2-B

EVOLUTIONARY ACQUISITION
CONSIDERATIONS

The evolutionary approach to defense acquisitio\s shown by Figure 2-8, evolutionary acquisition
is the simple recognition that systems evolve as starts with the development and delivery of a core
result of changing user needs, technologicatapability. As knowledge is gained through sys-
opportunities, and knowledge gained in operationtem use and as technology changes, the system is
Evolutionary Acquisition is not new to military evolved to a more useful or effective product. At
systems. No naval ship in a class is the same; aithe beginning of an evolutionary acquisition the
craft and vehicles have block changes designed tdtimate user need is understood in general terms,
improve the design; variants of systems perfornbut a core need that has immediate utility can be
different missions; satellites have evolutionarywell-defined. Because future events will affect the
improvements between the first and last launchedventual form of the product, the requirements can
and due to fast evolving technology, computemot be fully defined at the program initiation. How-
resources and software systems are in constaaver, the evolutionary development must be accom-
evolution. plished in a management system that demands

Requirements Analysis
« General for the System >| Concept of Operations |

« Specific for the Core
M‘_ Preliminary Requirements Analysis
CORE Block A » User Feedback
\/‘:/_) System » Tech Opportunity

QQ Architecture « Evolving Threat
| Define — Develop — Operationally Test > CORE | /

+ | >[Refine and Update )

Requirements
CORE Block A \
v

| Define — Develop — Operationally Test > Block A |

________ ...continue ‘“as required”

< - - -I Flexible/Incremental ORD, TEMP, etc. |- --Pp

Figure 2-8. Evolutionary Acquisition
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requirements validation, fully funded budgets, andSystem Engineering Concerns

rigorous review. In addition, the systems engineer-

ing function remains responsible for controlling Evolutionary acquisition will require incremental
requirements traceability and configuration con-and parallel development activities. These activi-
trol in the absence of complete definition of allties are developing evolutionary designs that
requirements or final configurations. These con+epresent a modification as well as an evolved
straints and concerns require the evolutionargystem. The evolutionary upgrade is developed as
approach be accomplished in a manner such theemodification, but the new evolved system must
various concerns of users, developers, and mate evaluated and verified as a system with new,
agers are adequately addressed, while the rislkevolved requirements. This implies that, though

associated with these issues are mitigated. we can enter the acquisition process at any point,
the basic baselining process required by systems
Acquisition Managment engineering must somehow be satisfied for each

block upgrade to assure requirements traceability
Acquisition management requirements establishednd configuration control.
in the DoD 5000 documents and associated com-
ponent regulations or instructions establish a serie&s shown by Figure 2-9, incremental delivery of
of program-specific analyses, reports, and decisionapability can be the result of an evolutionary block
documents that support the milestone decision pratpgrade or be an incremental release of capa-
cess. In addition, prior to decision points in thebility within the approved program (or current
acquisition process, substantial coordination is reevolutiorary block) baseline. System engineering
quired with an array of stakeholders. This procesis concerned with both. There is no check list ap-
is resource consuming but necessary to establigiroach to structure these relationships, but the fol-
the program'’s validity in the eyes of those respontowing is presented to provide some general guid-
sible to approve the public resources committeé@nce in a difficult and complex area of acquisition
to the program. management planning and implementation.

Evolutionary acquisition, by its nature, represent&volutionary upgrades may be based on known
an “acquisition within an acquisition.” On one operational requirements where delivery of the
level, the engineering manager is confronted wittcapability is incremental due to immediate opera-
the management and control of the system as itonal need, continuing refinement of the product
progresses to its eventual final configuration, andbaseline prior to full operational capability, and
on another level, there is the management and copre-planned parallel developments. If the modifi-
trol of the modifications, or blocks, that are suc-cation is only at the allocated or product baseline,
cessively integrated into the system as they arand the program'’s approved performance, cost, and
developed. The system has associated requirsehedule is not impacted, then the system would
ments, baselines, reviews—the normal elementsot necessarily require the management approvals
of a system acquisition; however, each block alsand milestones normal to the acquisition process.
has specified requirements, configuration, and
management activities. The challenge for technitn all cases, the key to maintaining a proper sys-
cal management then becomes to ensure that goteims engineering effort is to assure that architec-
technical management principles are applied to thiures and configuration baselines used for evolu-
development of each block, while simultaneoushtionary development can be upgraded with mini-
ensuring that the definition and control of require-mal impact to documented and demonstrated con-
ments and baselines at the system level includiigurations. The risk associated with this issue can
and accommodate the evolving architecture. be significantly reduced through program planning
that addresses optimization of the acquisition
baseline and control of the evolving configuration.
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Figure 2-9. Incremental Release Within Evolutionary Blocks

Planning Systems engineering planning should emphasize:

Evolutionary acquisition program planning mustl. The openness and modularity of the design
clearly define how the core and evolutionary blocks of the core system architecture in order to

will be structured, including:

1. Aclear description of an operationally suitable2.
core system including identification of sub-
systems and components most likely to evolve.

3.

. Establishment of a process for obtaining, evalu-
ating and integrating operational feedback,
technology advancements, and emerging
commercial products. 4,

. Planning for evolutionary block upgrade evalu-
ation, requirements validation, and program5.
initiation.

. Description of the management approach for

facilitate modification and upgrades,

How baseline documentation is structured to
improve flexibility for upgrade,

How evolutionary acquisition planning impacts
baseline development and documentation
control,

How technical reviews will be structured to best
support the acquisition decision points, and

How risk management will monitor and con-
trol the management and technical complexity
introduced by evolutionary development.

evolutionary upgrades within a block and theThe basic system architecture should be designed
constraints and controls associated withto accommodate change. Techniques such as open

incremental delivery of capability.

architecting, functional partitioning, modular

design, and open system design (all described later

. Risk analysis of the developmental approachin
both technical and managerial.
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this book) are key to planning for a flexible

system that can be easily and affordably modified.
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Notional Example of Evolutionary MAIS Acquisition Relationships
Acquisition Acquisition
Characterization System Level Program Documentation Baseline CM Authority
Level Required
Overall Need Major Program Capstone or Capstone Top Level PMO
or Sub-Portfolio Acquisition Functional
Business Area Documentaion Baseline
Core and Build or Block Acquisition Full Cumulative PMO with
Evolutionary of Program Program Functional and Contractor
Blocks Major Program Documentation Allocated Support
Baseline
Incremental Release or Internal to Separate Product Contractor
Delivery of Version Acquisition Acquisition Baseline (Must Meet
Capability of Block Program Documentation Allocated
Not Required Basleine)
Associated Application Parallel Product Component or Functional, PMO/Contractor
Product or Improvement Lower Decision Allocated, and
Improvements Bridge (Less than MAIS) | Level Acquisition | Product Baselines
Processing
Table 2-1. Evolutionary Acquisition Relationships
Example Summary

Table 2-1 illustrates some of the relationships disAcquisition oversight is directly related to the
cussed above as it might apply to a Major Autoperformance, cost, and schedule defined in the
mated Information System (MAIS) program. Dueacquisition baseline. It establishes the approved
to the nature of complex software development, acope of the developmental effort. Evolutionary
MAIS acquisition inevitably will be an evolution- development that exceeds the boundaries estab-
ary acquisition. In the notional MAIS shown in lished by the acquisition baseline requires a new
the table, management control is primarily definedr revised acquisition review process with addi-
for capstone, program, subsystem or incrementdional oversight requirements. The development
delivery, and supporting program levels. The tablend approval of the ORD and Acquisition Program
provides relationships showing how key acquisi-Baseline are key activities that must structure an
tion and system engineering activities correlate irevolutionary process that provides user and over-
the evolutionary environment. Probably the mossight needs, budgetary control, requirements
important lesson of Table 2-1 is that these relatraceability, risk mitigation, and configuration
tionships are complex and if they are not plannedhanagement.

for properly, they will present a significant risk to

the program.
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CHAPTER 3

SYSTEMS ENGINEERING
PROCESS OVERVIEW

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

The Systems Engineering Process (SEP) is and outputs; requirements analysis; functional

comprehensive, iterative and recursive problenanalysis and allocation; requirements loop;

solving process, applied sequentially top-down bysynthesis; design loop; verification; and system

integrated teams. It transforms needs and requirenalysis and control.

ments into a set of system product and process

descriptions, generate information for decisionSystems Engineering Process Inputs

makers, and provides input for the next level of

development. The process is applied sequentiallynputs consist primarily of the customer’s needs,

one level at a time, adding additional detail andbbjectives, requirements and project constraints.

Process Input

« Customer Needs/Objectives/
Requirements

— Missions

— Measures of Effectiveness

— Environments System Analysis
— Constraints and Control

Requirements Analysis

« Analyze Missions and Environments

« Identify Functional Requirements

« Define/Refine Performance and Design
Constraint Requirements

AA Requirements Loop

Functional Analysis/Allocation

+ Decompose to Lower-Level Functions

« Allocate Performance and Other Limiting Requirements
to All Functional Levels

« Define/Refine Functional Interfaces (Internal/External)

« Define/Refine/Integrate Functional Architecture

« Technology Base

« Output Requirements from Prior
Development Effort

« Program Decision Requirements

« Requirements Applied Through
Specifications and Standards

(Balance)

« Trade-Off Studies

« Effectiveness Analyses
* Risk Management

« Configuration Management
« Interface Management

« Data Management

« Perfromance Measurement
— SEMS

- TPM

— Technical Reviews

Design Loop

Synthesis

« Transform Architectures (Functional to Physical)

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

« Select Preferred Product and 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 Database
Deployment, Operations, Support, Training, Disposal — System/Configuration Iltem
Systems Elements = Hardware, Software, Personnel, Facilities, Data, Material, Architecture
Services, Technigues — Specifications and Baselines

Figure 3-1. The Systems Engineering Process
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Inputs can include, but are not restricted to, misBlock Diagrams, Time Line Analysis, and the

sions, measures of effectiveness, environment&equirements Allocation Sheet.

available technology base, output requirements

from prior application of the systems engineeringRequirements Loop

process, program decision requirements, and

requirements based on “corporate knowledge.” Performance of the functional analysis and allo-
cation results in a better understanding of the

Requirements Analysis requirements and should prompt reconsideration
of the requirements analysis. Each function iden-

The first step of the Systems Engineering Procedified should be traceable back to a requirement.

is to analyze the process inputs. Requirements anahis iterative process of revisiting requirements

lysis is used to develop functional and performancanalysis as a result of functional analysis and

requirements; that is, customer requirements arallocation is referred to as the requirements loop.

translated into a set of requirements that define

what the system must do and how well it must perbesign Synthesis

form. The systems engineer must ensure that the

requirements are understandable, unambiguouBesign synthesis is the process of defining the

comprehensive, complete, and concise. product or item in terms of the physical and soft-
ware elements which together make up and define

Requirements analysis must clarify and definghe item. The result is often referred to as the physi-

functional requirements and design constraintscal architecture. Each part must meet at least one

Functional requirements define quantity (howfunctional requirement, and any part may support

many), quality (how good), coverage (how far),many functions. The physical architecture is the

time lines (when and how long), and availability basic structure for generating the specifications and

(how often). Design constraints define those facbaselines.

tors that limit design flexibility, such as: environ-

mental conditions or limits; defense against interDesign Loop

nal or external threats; and contract, customer or

regulatory standards. Similar to the requirements loop described above,
the design loop is the process of revisiting the func-
Functional Analysis/Allocation tional architecture to verify that the physical design

synthesized can perform the required functions at
Functions are analyzed by decomposing higherequired levels of performance. The design loop
level functions identified through requirementspermits reconsideration of how the system will
analysis into lower-level functions. The perfor- perform its mission, and this helps optimize the
mance requirements associated with the highesynthesized design.
level are allocated to lower functions. The resultis
a description of the product or item in terms ofVerification
what it does logically and in terms of the perfor-
mance required. This description is often called-or each application of the system engineering
the functional architecture of the product or item.process, the solution will be compared to the re-
Functional analysis and allocation allows for a betguirements. This part of the process is called the
ter understanding of what the system has to do, iverification loop, or more commonly, Verification.
what ways it can do it, and to some extent, th&cach requirement at each level of development
priorities and conflicts associated with lower-levelmust be verifiable. Baseline documentation devel-
functions. It provides information essential tooped during the systems engineering process must
optimizing physical solutions. Key tools in func- establish the method of verification for each
tional analysis and allocation are Functional Flowequirement.
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Appropriate methods of verification include ¢ Traceability from systems engineering process
examination, demonstration, analysis (including inputs to outputs is maintained,
modeling and simulation), and testing. Formal test
and evaluation (both developmental and operas Schedules for development and delivery are
tional) are important contributors to the verification  mutually supportive,
of systems.

» Required technical disciplines are integrated
Systems Analysis and Control into the systems engineering effort,

Systems Analysis and Control include technicab Impacts of customer requirements on resulting
management activities required to measure functional and performance requirements are
progress, evaluate and select alternatives, and docu- examined for validity, consistency, desirability,
ment data and decisions. These activities apply to and attainability, and,
all steps of the sysems engineering process.
* Product and process design requirements are
System analysis activities include trade-off stud- directly traceable to the functional and perfor-
ies, effectiveness analyses, and design analyses. mance requirements they were designed to
They evaluate alternative approaches to satisfy fulfill, and vice versa.
technical requirements and program objectives, and
provide a rigorous quantitative basis for selecting
performance, functional, and design requirementsSystems Engineering Process Output
Tools used to provide input to analysis activities
include modeling, simulation, experimentation,Process output is dependent on the level of devel-
and test. opment. It will include the decision database, the
system or configuration item architecture, and the
Control activities include risk management, con-baselines, including specifications, appropriate to
figuration management, data management, anthe phase of development. In general, it is any data
performance-based progress measurement incluthat describes or controls the product configura-
ing event-based scheduling, Technical Perfortion or the processes necessary to develop that
mance Measurement (TPM), and technicaproduct.
reviews.

The purpose of Systems Analysis and Control i8.2 SUMMARY POINTS
to ensure that:
» The system engineering process is the engine
» Solution alternative decisions are made only that drives the balanced development of sys-
after evaluating the impact on system effective- tem products and processes applied to each level
ness, life cycle resources, risk, and customer of development, one level at a time.
requirements,
» The process provides an increasing level of
» Technical decisions and specification require- descriptive detail of products and processes with
ments are based on systems engineering each system engineering process application.
outputs, The output of each application is the input to
the next process application.
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CHAPTER 4

REQUIREMENTS
ANALYSIS

4.1 SYSTEMS ENGINEERING PROCESS the constraints. They eventually must be verified
INPUTS to meet both the requirements and constraints.

The inputs to the process include the customer3ypes of Requirements

requirements and the project constraints. Require-

ments relate directly to the performance characRequirements are categorized in several ways. The

teristics of the system being designed. They aréollowing are common categorizations of require-

the stated life-cycle customer needs and objectivarents that relate to technical management:

for the system, and they relate to how well the

system will work in its intended environment.  Customer RequirementsStatements of fact and
assumptions that define the expectations of the

Constraints are conditions that exist because afystem in terms of mission objectives, environ-

limitations imposed by external interfaces, projectment, constraints, and measures of effectiveness

support, technology, or life cycle support systemsand suitability (MOE/MOS). The customers are

Constraints bound the development teams’ desigtihose that perform the eight primary functions of

opportunities. systems engineering (Chapter 1), with special
emphasis on the operator as the key customer.

Requirements are the primary focus in the system@perational requirements will define the basic need

engineering process because the process’s primaayd, at a minimum, answer the questions posed in

purpose is to transform the requirements into deFigure 4-1.

signs. The process develops these designs within

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 RequirementdShe extent to which

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

Design RequirementsThe “build to,” “code to,”
and “buy to” requirements for products and “how

It must be verifiable—that is, not defined by
words such as excessive, sufficient, resistant,
etc. The expected performance and functional
utility must be expressed in a manner that
allows \erification 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.

to execute” requirements for processes expressed It must be consistent with other requirements.

in technical data packages and technical manuals.

Derived RequirementsRequirements that are o
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.

Allocated RequirementsA requirement that is
established by dividing or otherwise allocating a

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.

high-level requirement into multiple lower-level 4.2 REQUIREMENTS ANALYSIS

requirements. Example: A 100-pound item that

consists of two subsystems might result in weighRequirements analysis involves defining customer
requirements of 70 pounds and 30 pounds for theeeds and objectives in the context of planned
two lower-level items. customer use, environments, and identified sys-
tem characteristics to determine requirements
for system functions. Prior analyses are reviewed
and updated, refining mission and environment
The attributes of good requirements include thalefinitions to support system definition.

following:

Attributes of Good Requirements

Requirements analysis is conducted iteratively with
* A requirement must be achievable. It mustfunctional analysis to optimize performance
reflect need or objective for which a solution isrequirements for identified functions, and to
technically achievable at costs consideredrerify that synthesized solutions can satisfy cus-
affordable. tomer requirements. The purpose of Requirements
Analysis is to:
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» Refine customer objectives and requirementsanalysis is fundamental to successful design
definition.

Define initial performance objectives and refine

them into requirements; Inputs

Identify and define constraints that limit Typical inputs include customer needs and objec-

solutions; and tives, missions, MOE/MOS, environments, key
performance parameters (KPPs), technology base,

Define functional and performance require-output requirements from prior application of SEP,

ments based on customer provided measurggogram decision requirements, and suitability

of effectiveness. requirements. (See Figure 4-2 for additional
considerations.)

In general, Requirements Analysis should result

in a clear understanding of: Input requirements must be comprehensive and
defined for both system products and system pro-
» Functions: What the system has to do, cesses such as development, manufacturing, veri-

fication, deployment, operations, support, training
Performance: How well the functions have toand disposal (eight primary functions).
be performed,

Role of Integrated Teams
» Interfaces: Environment in which the system

will perform, and The operator customers have expertise in the
operational employment of the product or item
» Other requirements and constraints. being developed. The developers (government and

contractor) are not necessarily competent in the
The understandings that come from requirementsperational aspects of the system under develop-
analysis establish the basis for the functional anchent. Typically, the operator's need is neither
physical designs to follow. Good requirementsclearly nor completely expressed in a way directly

¢ 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

¢ Controls:
— Laws and organizational policies and procedures
— Military specific requirements
— Utilization environments

— Tech base and other constraints Transformed Requirements Outputs
. Analysis
into Outputs

e 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. Inputs to Requirements Analysis
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usable by developers. It is unlikely that develop- What will be the final form of the product: such
ers will receive a well-defined problem from which  as model, prototype, or mass production?
they can develop the system specification. Thus,
teamwork is necessary to understand thd&his list can start the critical, inquisitive outlook
problemand to analyze the need. It is imperativenecessary to analyze requirements, but it is only
that customers are part of the definition team. the beginning. A tailored process similar to the
one at the end of this chapter must be developed
On the other hand, customers often find it easieto produce the necessary requirements analysis
to describe a system that attempts to solve the probutputs.
lem rather than to describe the problem itself.
Although these “solutions” may be workable to
some extent, the optimum solution is obtainedt.3 REQUIREMENTS ANALYSIS
through a proper technical development effort OUTPUTS
thatproperly balances the various customer mis-
sion objectives, functions, MOE/MOS, and con-The requirements that result from requirements
straints. An integrated approach to product anénalysis are typically expressed from one of three
process development will balance the analysis gberspectives or views. These have been described
requirements by providing understanding andas the Operational, Functional, and Physical views.
accommaodation among the eight primary functionsAll three are necessary and must be coordinated
to fully understand the customers’ needs and
Requirements Analysis Questions objectives. All three are documented in the decision
database.
Requirements Analysis is a process of inquiry and
resolution. The following are typical questions thatOperational View
can initiate the thought process:
The Operational View addresses how the system
 What are the reasons behind the systemwill serve its users. It is useful when establishing

development? requirements of “how well” and “under what con-
dition.” Operational view information should be
» What are the customer expectations? documented in an operational concept document

that identifies:
* Who are the users and how do they intend to
use the product? » Operational need definition,

* What do the users expect of the product? e System mission analysis,
* What is their level of expertise? » Operational sequences,

» With what environmental characteristics muste Operational environments,
the system comply?
» Conditions/events to which a system must
* What are existing and planned interfaces? respond,

* What functions will the system perform, ¢« Operational constraints on system,
expressed in customer language?
» Mission performance requirements,
* What are the constraints (hardware, software,
economic, procedural) to which the system must User and maintainer roles (defined by job tasks
comply? 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 is
» Operational interfaces with other systems.  constructed. It is key to establishing the physical
interfaces among operators and equipment, and
Analyzing requirements requires understandingechnology requirements. Physical View
the operational and other life cycle needs andhformation 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. It includes required inputs, outputs, physical equipment, and
states, and transformation rules. The functional — Operator skills and levels required to
requirements, in combination with the physical perform assigned functions.

requirements shown below, are the primary sources
of the requirements that will eventually be reflectecd 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, » System Physical Limitations:
— Qualitative — how well — Physical limitations (capacity, power, size,
— Quantitative — how much, capacity weight),
— Timeliness — how often — Technology limitations (range, precision,
data rates, frequency, language),
» Tasks or actions to be performed, — Government Furinished Equipment (GFE),
Commercial-Off-the-Shelf (COTS),
 Inter-function relationships, Nondevelopmental Item (NDI), reusability
requirements, and
» Hardware and software functional relationships, — Necessary or directed standards.

» Performance constraints,
4.4 SUMMARY POINTS
 Interface requirements including identification
of potential open-system opportunities (poten- An initial statement of a need is seldom defined
tial standards that could promote open systems clearly.
should be identified),
» A significant amount of collaboration between
» Unique hardware or software, and various life cycle customers is necessary to
produce an acceptable requirements document.
 \Verification requirements (to include inspection,
analysis/simulation, demo, and test). * Requirements are a statement of the problem
to be solved. Unconstrained and noninte-
gratedrequirements are seldom sufficient for
designing a solution.
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» Because requirements from different custom- must be accomplished in order to select a bal-
ers will conflict, constraints will limit options, anced set of requirements that provide feasible
and resources are not unlimited; trade studies solutions to customer needs.
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SUPPLEMENT 4-A

A PROCEDURE FOR
REQUIREMENTS ANALYSIS

The following section provides a list of tasks thatrequirements for future reference. It is the primary
represents a plan to analyze requirements. Part ofeans for maintaining requirements traceability.
this notional process is based on the 15 requireFhis database decision management system must
ments analysis tasks listed in IEEE P1220. Thibe developed or the existing system must be
industry standard and others should be consultegviewed and upgraded as necessary to accommo-
when preparing engineering activities to helpdate the new stage of product development. A key
identify and structure appropriate activities. part of this database management system is a
Requirements Traceability Matrix that maps re-
As with all techniques, the student should be careguirements to subsystems, configuration items, and
ful to tailor; that is, add or subtract, as suits thdunctional 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&Remember: 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 15 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 15 task areas to be ana-
age the decision database. The decision databasgzed follow and are shown in Figure 4-3.
is an historical database of technical decisions and

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 functions,Task 3. External Constraints
operational requirements documents, mission
needs, technology-based opportunity, direct comkdentify and define external constraints impacting
munications with customer, or requirements fromdesign solutions or implementation of the Systems
a higher system level. The purpose of this task iEngineering Process activities. External constraints
to determine what the customer wants the systeman include:
to accomplish, and how well each function must
be accomplished. This should include natural and Public and international laws and regulations,
induced environments in which the product(s) of
the system must operate or be used, and constraints Technology base,
(e.g. funding, cost, or price objectives, schedule,
technology, nondevelopmental and reusable items, Compliance requirements: industry, interna-
physical characteristics, hours of operation per day, tional, and other general specifications, stan-
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 perform 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., dawn, day, night, dusk), and

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

Task 9. Life Cycle Process Concepts

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

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

higher risk elements that are anticipated to impact
Define the functional and physical interfaces tosupportability and affordability over the useful life
external or higher-level and interacting systemsof 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 considereble 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 insidienctional analysis and allocation.
the boundaries established for the system ad-
dressed. These interfaces are generally identifiefiask 11. Performance Requirements
and controlled by the contractor responsible for
developing the system. External interfaces, on th®efine the performance requirements for each
other hand, are those which involve entity rela-higher-level function performed by the system. Pri-
tionships outside the established boundaries, andary focus should be placed on performance re-
these are typically defined and controlled by thegquirements that address the MOEs, and other
government. KPPs established in test plansidentified as
interest items by oversight authorities.
Task 8. Utilization Environments
Task 12. Modes of Operation
Define the environments for each operational
scenario. All environmental factors (natural orDefine the various modes of operation for the sys-
induced) which may impact system performancaem products under development. Conditions (e.g.,
must be identified and defined. Environmentalenvironmental, configuration, operational, etc.) that
factors include: determine the modes of operation should be
included in this definition.
» Weather conditions (e.g., rain, snow, sun, wind,
ice, dust, fog), Task 13. Technical Performance Measures
(TPMs)
» Temperature ranges,
Identify the key indicators of system performance
» Topologies (e.g., ocean, mountains, desertghat will be tracked during the design process.
plains, vegetation), Selection of TPMs should be limited to critical
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technical thresholds and goals that, if not met, pulntegrate Requirements:

the project at cost, schedule, or performance risk.

TPMs involve tracking the actual versus plannedliake an integrated team approach to requirements
progress of KPPs such that the manager can makietermination so that conflicts among and between
judgments about technical progress on a by-exrequirements are resolved in ways that result in

ception basis. To some extent TPM selection islesign requirements that are balanced in terms of
phase dependent. They must be reconsidered labth risk and affordability.

each systems engineering process step and at the

beginning of each phase. Validate Requirements:

Task 14. Physical Characteristics During Functional Analysis and Allocation, vali-
date that the derived functional and performance

Identify and define required physical characteriscan be traced to the operational requirements.

tics (e.g., color, texture, size, weight, buoyancy)

for the system products under development. Idenverify Requirements:

tify which physical characteristics are true con-

straints and which can be changed, based on trade Coordinate design, manufacturing, deployment

studies. and test processes,
Task 15. Human Factors » Ensure that requirements are achievable and
testable,

Identify and define human factor considerations

(e.g., physical space limits, climatic limits, eyee Verify that the design-to-cost goals are
movement, reach, ergonomics) which will affect achievable, and

operation of the system products under develop-

ment. Identify which human systems integrations Verify that the functional and physical archi-
are constraints and which can be changed based tectures defined during Functional Analysis/

on trade studies. Allocation and Synthesis meet the integrated
technical, cost, and schedule requirements
Follow-on Tasks within acceptable levels of risk.

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

44



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 cohererdgufficient detail to provide design and verification
description of system functions that can be usedriteria 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-
must do, how well, and what constraints will limit level requirements into detailed functional and
design flexibility. performance design criteria includes:

This is accomplished by arranging functions in ¢ 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 successively
ing performance from higher- to lower-level func-  lower levels what actions the system has to do,
tions. The tools used include functional flow block

diagrams and timeline analysis; and the productis Translating higher-level performance require-
a functional architecture, i.e., a description of the ments into detailed functional and performance
system—but in terms of functions and performance design criteria or constraints. That is, identi-
parameters, rather than a physical description. fying how well the functions have to be
Functional Analysis and Allocation facilitates  performed,

traceability from requirements to the solution

descriptions that are the outcome of Design Identifying and defining all internal and external
Synthesis. functional interfaces,

Functions are discrete actions (use action verba) ldentifying functional groupings to minimize
necessary to achieve the system’s objectives. These and control interfaces (functional partitioning),
functions may be stated explicitly, or they may be
derived from stated requirements. The functions Determining the functional characteristics of exist-
will ultimately be performed or accomplished ing or directed components in the system and in-
through use of equipment, personnel, facilities, corporating them in the analysis and allocation,
software, or a combination.

» Examining all life cycle functions, including

the eight primary functions, as appropriate for
5.2 FUNCTIONAL ANALYSIS AND the specific project,
ALLOCATION

» Performing trade studies to determine alterna-
Functional and performance requirements at any tivefunctional approaches to meet requirements,
level in the system are developed from higher-level and
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» Revisiting the requirements analysis step afkequirements Loop
necessary to resolve functional issues.
During the performance of the Functional Analysis
The objective is to identify the functional, per- and Allocation process, it is expected that revisit-
formance, and interface design requirements; it ing the requirements analysis process will be

is not to design a solution...yet! necessary. This is caused by the emergence of
functional issues that will require re-examination
Functional Partitioning of the higher-level requirements. Such issues might

include directed components or standards that
Functional partitioning is the process of groupingcause functional conflict, identification of a revised
functions that logically fit with the components approach to functional sequencing, or, most likely,
likely to be used, and to minimize functional in-a conflict caused by mutually incompatible
terfaces. Partitioning is performed as part of funcrequirements.
tional decomposition. It identifies logical group-
ings of functions that facilitate the use of modularFigure 5-1 gives an overview of the basic param-
components and open-system designs. Functionaters of Functional Analysis and Allocation. The
partitioning is also useful in understanding howoutput of the process is the functional architec-
existing equipment or components (includingture. In its most basic form, the functional archi-
commercial) will function with or within the tecture is a simple hierarchical decomposition of
system. the functions with associated performance require-

ments. As the architecture definition is refined and

made more specific with the performance of the

e 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

Define system functions & external interfaces Inputs * PELELS & »OUtpUts
Define functional interfaces Allocation
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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activities listed in Figure 5-1, the functional 5.3 FUNCTIONAL ARCHITECTURE
architecture becomes more detailed and compre-

hensive. These activities provide a functionalThe functional architecture is a top-down decom-
architecture with sufficient detail to support the position of system functional and performance re-
Design Synthesis. They are performed with the aiduirements. The architecture will show not only
of traditional tools that structure the effort and prothe functions that have to be performed, but also
vide documentation for traceability. There arethe logical sequencing of the functions and
many tools available. The following are traditional performance requirements associated with the
tools that represent and explain the primary taskiinctions. It also includes the functional descrip-
of Functional Analysis and Allocation (several of tion of existing and government-furnished items
these are defined and illustrated beginning on page be used in the system. This may require reverse
49). engineering of these existing components.

» Functional flow block diagrams that define taskThe functional architecture produced by the
sequences and relationships, Functional Analysis and Allocation process is the
detailed package of documentation developed to
» |IDEFO diagrams that define process and datanalyze the functions and allocate performance
flows, requirements. It includes the functional flow block
diagrams, timeline sheets, requirements allocation
» Timeline analyses that define the time sequencsheets, IDEFO diagrams, and all other documenta-
of time critical functions, and tion developed to describe the functional
characteristics of the system. However, there is a
» Requirements allocation sheets that identifybasic logic to the functional architecture, which in
allocated performance and establish traceabilitits preliminary form is presented in the example
of performance requirements. 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 VN Required transport }
parallel functions . h requirements allocated

| 50 km 90 min from mission requirements
Third Level:
Showing decom- _’l
oSO ot e Load Start )| Move P| Stop P Unload

transport func-
tion 8 min 1 min 75 min 1 min 5 min
0 km 0 km 50 km 0 km 0 km ' |
A Simple Rule: Performance Allocation:

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

Figure 5-2. Functional Architecture Example
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IPT drafting such a basic version of the archi-
tecture. This would generally give the IPT an
understanding of the scope and direction of the
effort.

Functional Architecture Example

The Marine Corps has a requirement to transport
troops in squad-level units over a distance of 50
kilometers. Troops must be transported within 90
minutes from the time of arrival of the transport
system. Constant communication is required dur-
ing the transportation of troops. Figure 5-2 illus-
trates a preliminary functional architecture for this
simple requirement.

5.4 SUMMARY POINTS

Functional analysis begins with the output of
requirements analysis (that is, the identification 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.

48

There are many tools available to support the
development of a Functional Architecture, such
as: functional-flow block diagrams, timeline
analysis sheet, requirements allocation sheet,
Integrated Definition, and others.

Use of the tools illustrated in this chapter is not
mandatory, but the process they represent is:

— Define task sequences and relationships
(functional flow block diagram (FFBD)),

— Define process and data flows (IDEFO
diagrams),

— Define the time sequence of time-critical
functions (timeline analysis sheets (TLS)),
and

— Allocate performance and establish trace-
ability of performance requiremerftequire-
ments allocation sheets (RAS)).
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SUPPLEMENT 5-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 right.

elements. Arrows are often used to indicate functional flows.

Function numbering: Each level should have a Summing gatesA circle is used to denote a sum-

consistent number scheme and provide informaming gate and is used when AND/OR is present.

tion concerning function origin. (E.g., top level— AND is used to indicate parallel functions and all

1.0, 2.0, 3.0, etc; first indenture (level 2)—1.1, 1.2 conditions must be satisfied to proceed. OR is used

1.3, etc; second indenture (level 3)—1.1.1, 1.1.2to indicate that alternative paths can be satisfied to

1.1.3, etc.) These numbers establish identificatioproceed.

and relationships that will carry through all Func-

tional Analysis and Allocation activities and GO and NO-GO paths:G” and “bar G” are used

facilitate traceability from lower to top levels. to denote “go” and “no-go” conditions. These sym-
bols are placed adjacent to lines leaving a particular

Functional reference:Each diagram should con- function to indicate alternative paths.

tain a reference to other functional diagrams by

using a functional reference (box in brackets).

Abbreviations/Notes:

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

Functional
description

U -
I

Ref 9.2, Provide guidance
1 3 Ref. |
| |711'3.1
1

|See 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 : Zl'emative

1

1

9.2.4

Sys
Malf.
Leader note j See Detail Diagram

function

Interface reference
block (used on first-

and lower-level D e T T e a
function diagrams Flow level designat

only) ow level designator ——_g 5 1) ovel
ScopeNote: ____ Functional Flow Block

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

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

IDEFO

Integration Definition for Function Modeling referenced to each other. The two primary model-
(IDEFO0) is a common modeling technique for theing components are: functions (represented on a
analysis, development, re-engineering, and intediagram by boxes), and data and objects that in-
gration of information systems; business processeserrelate those functions (represented by arrows).
or software engineering analysis. Where the FFBIAs 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 gouts 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 oThe IDEFO process starts with the identification
use by government and private industry. It can bef the 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
port development and analysis of IDEFO diagram$DEFO analysis. An example of a Top Level Con-
and models. text Diagram for an information system manage-
ment process is shown in Figure 5-6. From this
IDEFO is a model that consists of a hierarchicalliagram lower-level diagrams are generated. An
series of diagrams, text, and glossary crossexample of a derived diagram, called a “child” in

Control

Input —— Function Name —— P Output

Function
Number

Mechanism

Figure 5-5. Integration Definition for Function Modeling (IDEF0) Box Format
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IDEFO terminology, for a life cycle function is mentIDEFO for data intensive systems. The IDEFO
shown in Figure 5-7. standard, Federal Information Processing Stan-
dards Publication 183 (FIPS 183), and the IDEF1x
An associated technique, Integration Definition forstandard (FIPS 184) are maintained by the National
Information Modeling (IDEF1x), is used to supple- Institute of Standards and Technology (NIST).

Program Charter

Issues 4> Plan New
Information —Jp» Program

Operations 4> Program Plan

Data

Program
Team

Purpose: The assessment, planning, and streamlining of information management
functions.
Viewpoint; The Information Integration Assessment Team.

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
Replaced asset
and -
7——»— replace 4[|
Spare Reparable
asset asset
Status records
| Schedule
into
—»| shop >
Supply
parts
Asset
Replacement (befo_re
or original repair) Inspect
(repaired) or
repair 5
Assets
awzlrttlgg Asset
/ P (after v Completed
repair) : asset
Monitor -
and
route , /
—l Spare
Node: Title: Number:
AOF Maintain Reparable Spares pg. 4-5

Figure 5-7. IDEFO Diagram Example
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SUPPLEMENT 5-C

TIMELINE ANALYSIS
SHEETS

The timeline analysis sheet (TLS) adds detail tdunction, and design constraints. It identifies
defining durations of various functions. It definesboth quantitative and qualitative performance
concurrency, overlapping, and sequential relationrequirements. Initial resource requirements are
ships of functions and tasks. It identifies time criti-identified.

cal functions that directly affect system availabil-

ity, operating time, and maintenance downtime. IFigure 5-8 shows an example of a TLS. The time
is used to identify specific time-related designrequired to perform function 3.1 and its subfunc-
requirements. tions are presented on a bar chart showing how the

timelines relate. (Function numbers match the

The TLS includes purpose of function and theFFBD.)
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
313 Install and connect batteries - 25
3.1.4 || Install ordnance [ &
3.15 Perform stray voltage checks and - 26
connect ordnance
3.1.6 || Load fuel tanks [
3.1.7 || Load oxidizer tanks Bl s
3.18 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 5-D

REQUIREMENTS
ALLOCATION SHEET

The Requirements Allocation Sheet documents thdisconnects. It is a major tool in maintaining con-
connection between allocated functions, allocatedistency between functional architectures and de-
performance and the physical system. It providesigns that are based on them. (Function numbers
traceability between Functional Analysis andmatch the FFBD.)

Allocation and Design Synthesis, and shows any

Requirements
Allocation Sheet

Functional Flow Diagram Title and No. 2.58.4
Provide Guidance Compartment Cooling

Equipment
Identification

Function Name
and No.

Functional Performance and
Design Requirements

acility ~ Ngmen-
Rgmnts lature

Cl|or Detail
Spec No.

2.58.4 Provide
Guidance
Compartment
Cooling

2.58.4.1 Provide
Chilled Coolant
(Primary)

The temperature in the guidance
compartment must be maintained at the

initial calibration temperature of +0.2 Deg F.
The initial calibration temperature of the
compartment will be between 66.5 and 68.5
Deg F.

A storage capacity for 65 gal of 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.

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
Design Synthesis is the process by which conceptsapable of satisfying the stated requirements.
or designs are developed based on the function&8luring concept development, synthesis produces
descriptions that are the products of Functionatystem concepts and establishes basic relation-
Analysis and Allocation. Design synthesis is a creships among the subsystems. During preliminary
ative activity that develops a physical architectureand detailed design, subsystem and component
(a set of product, system, and/or software elements)escriptions are elaborated, and detailed interfaces
capable of performing the required functions withinbetween all system components are defined.
the limits of the performance parameters pre-
scribed. Since there may be several hardware an@he physical architecture forms the basis for
or software architectures developed to satisfy design dehition documentation, such as, speci-
given set of functional and performance requirefications, baselines, and work breakdown struc-
ments, synthesis sets the stage for trade studiestires (WBS). Figure 6-1 gives an overview of the
select the best among the candidate architecturdsasic parameters of the synthesis process.
The objective of design synthesis is to combine

e Outputs:
— 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
— Define system product WBS
— Develop life cycle techniques and procedures
— Integrate system elements
— Select preferred concept/design Enablers

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

Physical architecture is a traditional term. Despitaule. High connectivity is undesirable in that it cre-

the name, it includes software elements as well ates complex interfaces that may impede design,

hardware elements. Among the characteristics adevelopment, 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 architecture
nent meets at least one (or part of one) funcdeveloped is consistent with the functional and
tional requirement, though any component carperformance requirements. It is a mapping between
meet more than one requirement, the functional and physical architectures. Figure
6-2 shows an example of a simple physical archi-
» The architecture is justified by trade studies andecture and how it relates to the functional archi-
effectiveness analyses, tecture. During design synthesis, re-evaluation of
the functional analysis may be caused by the dis-
» Aproduct WBS is developed from the physicalcovery of design issues that require re-examination
architecture, of the initial decomposition, performance alloca-
tion, or even the higher-level requirements. These
» Metrics are developed to track progress amongssues might include identification of a promising
KPPs, and physical solution or open-system opportunities that
have different functional characteristics than those
» All supporting information is documented in a foreseen by the initial functional architecture
database. requirements.

Modular Designs

6.2 SYNTHESIS TOOLS
Modular designs are formed by grouping compo-
nents that perform a single independent functiouring synthesis, various analytical, engineering,
or single logical task; have single entry and exiand modeling tools are used to support and
points; and are separately testable. Grouping redocument the design effort. Analytical devices such
lated functions facilitates the search for modulaas trade studies support decisions to optimize
design solutions and furthermore increases thphysical 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 Decription Sheet (CDS) help visu-
Desirable attributes of the modular units includealize and communicate the system concept. Logic
low coupling, high cohesion, and low connectiv-models, such as the Schematic Block Diagram
ity. Coupling between modules is a measure of thefSBD), 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 (also calle€omputer-Aided Design (CAD), Computer-
binding) is the similarity of tasks performed within Aided-Systems Engineering (CASE), and the
the module. High cohesion is desirable because €@omputer-Aided-Engineering (CAE) can help or-
allows for use of identical or like (family or se- ganize, coordinate and document the design effort.
ries) components, or for use of a single componer@AD generates detailed documentation describ-
to perform multiple functions. Connectivity refers ing the product design including SBDs, detailed
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- — — — PHYSICAL ARCHITECTURE — — — — P
Aircraft
|
Air Engine Communi- Nav Fire
4 Frame g cations System Control
Function Performe
| i fi d
Preflight chec X X X X X

| flight check

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

E

| _

| Surveillance

| _

Figure 6-2. Functional/Physical Matrix

drawings, three dimensional and solid drawingsand software parameters, permit performance
and it tracks some technical performance measur@redictions to be made, allow operational se-
ments. CAD can provide significant input for vir- quences to be derived, and permit optimum

tual modeling and simulations. It also provides aallocation of functional and performance require-

common design database for integrated desigments among the system elements. The traditional
developments. Computer-Aided Engineering carogical prototyping used in Design Synthesis is the
provide system requirements and performanc&chematic Block Diagram.

analysis in support of trade studies, analysis re-

lated to the eight primary functions, and cost analy-

ses. Computer-Aided Systems Engineering caf.3 SUMMARY POINTS

provide automation of technical management

analyses and documentation. » 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 6-A

CONCEPT DESCRIPTION
SHEET

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

Missile

Missile
Steering Tracking Target
Commands Radar Tracking

Radar

Computer

External Command Guidance System

Figure 6-3. Concept Description Sheet Example
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SUPPLEMENT 6-B

SCHEMATIC BLOCK
DIAGRAMS

The Schematic Block Diagram (SBD) depicts hardbetween components and their functional origin;
ware and software components and their interreleand provide a valuable tool to enhance configura-
tionships. They are developed at successively lowdron control. The SBD is also used to develop
levels as analysis proceeds to define lower-levdnterface Control Documents (ICDs) and provides
functions within higher-level requirements. Thesean overall understanding of system operations.
requirements are further subdivided and allocated

using the Requirements Allocation Sheet (RAS)A simplified SBD, Figure 6-4, shows how compo-
SBDs provide visibility of related system elementsnents and the connection between them are pre-
and traceability to the RAS, FFBD, and other syssented on the diagram. An expanded version is
tem engineering documentation. They describe asually developed which displays the detailed func-
solution to the functional and performance requiretions performed within each component and a de-
ments established by the functional architecturetailed depiction of their interrelationships. Ex-
show interfaces between the system componengmanded SBDs will also identify the WBS numbers
and between the system components and othassociated with the components.

systems or subsystems; support traceability

| —
Inert Gas Electrical
Pressurization I Power | ————— -
Subsystem Subsystem | >

!_ (Ref) | Manual Control and

$ - >| Display Subsystem I
Oxidizer Remaining Indication (Ref)
Inert Gas Pressurant —_
Fuel Fuel Remaining Indication T
— Storage )
Oxidizer Subsystem Attitude and
Storage Command Signals Naé/:gﬁg%”al
Subsystem | Command Signals 9
+ + Command Signals JE S
MSRV Guidance

Solenoid Solenoid [ J and Navigation |

Valve Valve Command Signals I Subsystem I

Oxidizer (Oxiizer) (Fu*el) Cuel L Eef)_ o

| Rocket Engine Nozzle Assemblies | ] )
+ + + + Moon Station Rendezvous Vehicle
Pitch Roll Yaw  Longitudinal .

Thrust  Thrust  Thrust Velocity Att|tUde_Contr0| and

Increments Maneuvering Subsystem

Figure 6-4. Schematic Block Diagram Example
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SUPPLEMENT 6-C

REQUIREMENTS ALLOCATION
SHEET

The RAS initiated in Functional Analysis and Allocation and Synthesis activities. It is a major
Allocation is expanded in Design Synthesis totool in maintaining consistency between functional
document the connection between functionabrchitectures and the designs that are based on
requirements and the physical system. It providethem. (Configuration Item (CIl) numbers match the
traceability between the Functional Analysis andWBS.)

Requirements Functional Flow Diagram Title and No. 2.58.4 Equipment
Allocation Sheet Provide Guidance Compartment Cooling Identification

Function Name Functional Performance and Fpcility Nomenclature ClI gr 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 the com-
partment will be between 66.5
and 68.5 Deg F.

2.58.4.1 Provide A storage capacity for 65 gal of Gpidance Compart-  3(54.5.1
Chilled Coolant chilled liquid coolant (deionized meht Coolant
(Primary) water) is required. The temperature Sforage Subsystem

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 NP P G NPV

Figure 6-5. Requirements Allocation Sheet (Example)
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CHAPTER 7

VERIFICATION

7.1 GENERAL system to ensure that cost, schedule, and perfor-
mance requirements are satisfied with acceptable
The Verification process confirms that Design Syndevels of risk. Further objectives include generat-
thesis has resulted in a physical architecture thang data (to confirm that system, subsystem, and
satisfies the system requirements. Verification replower level items meet their specification require-
resents the intersection of systems engineering amgents) and validating technologies that will be used

test and evaluation. in system design solutions. A method to verify each
requirement must be established and recorded dur-
Verification Objectives ing requirements analysis and functional alloca-

tion activities. (If it can not be verified it can not
The objectives of the Verification process includebe a legitimate requirement.) The verification list
using established criteria to conduct verificationshould have a direct relationship to the require-
of the physical architecture (including software andnents allocation sheet and be continually updated
interfaces) from the lowest level up to the totalto correspond to it.

System Level System Level

Design Requirement

Subsystems

Item Level Configuration 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. Systems Engineering and Verification
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Verification Activities as designs progress from concept to detailed
designs to physical products.
System design solutions are verified by the fol-
lowing types of activities: During earlier design stages, verification focuses
on proof of concept for system, subsystem and
1. Analysis — the use of mathematical modelingcomponent levels. During later stages, as the prod-
and analytical techniques to predict the comuct definition effort proceeds, the focus turns to
pliance of a design to its requirements basederifying that the system meets the customer
on calculated data or data derived from lowerequirements. As shown by Figure 7-1, design is a
level component or subsystem testing. It istop-down process while the Verification activity is
generally used when a physical prototype ol bottom-up process. Components will be fabri-
product is not available or not cost effective.cated and tested prior to the subsystems. Sub-
Analysis includes the use of both modeling andsystems will be fabricated and tested prior to the
simulation which is covered in some detail incompleted system.
chapter 13,
Performance Verification
2. Inspection —the visual examination of the sys-
tem, component, or subsystem. It is generallfPerformance requirements must be objectively
used to verify physical design features orverifiable, i.e., the requirement must be measur-
specific manufacturer identification, able. Where appropriate, Technical Performance
Measurements (TPM) and other management
3. Demonstration —the use of system, subsystemmetrics are used to provide insight on progress
or component operation to show that a requiretoward meeting performance goals and require-
ment can be achieved by the system. Itis germents. IEEE Standard P1220 provides a structure
erally used for a basic confirmation of perfor-for Verification activity. As shown in Figure 7-2
mance capability and is differentiated from test-the structure is comprehensive and provides a good
ing by the lack of detailed data gathering, or starting point for Verification planning.

4. Test — the use of system, subsystem, or com-
ponent operation to obtain detailed data to/.2 DOD TEST AND EVALUATION
verify performance or to provide sufficient
information to verify performance through DoD Test and Evaluation (T&E) policies and pro-
further analysis. Testing is the detailed quan€edures directly support the system engineering
tifying method of verification, and as describedprocess of Verification. Testing is the means by
later in this chapter, it is ultimately required in which objective judgments are made regarding
order to verify the system design. the extent to which the system meets, exceeds,
or fails tomeet stated objectives. The purpose of
Choice of verification methods must be consid-evaluation is to review, analyze, and assess data
ered an area of potential risk. Use of inappropriatebtained from testing and other means to aid in
methods can lead to inaccurate verification. Remaking systematic decisions. The purpose of DoD
quired defining characteristics, such as key perf&E is to verify technical performance, opera-
formance parameters (KPPs) are verified by dentional effectiveness, operational suitability; and
onstration and/or test. Where total verification byit provides essential information in support of
test is not feasible, testing is used to verify keydecision making.
characteristics and assumptions used in design
analysis or simulation. Validated models and simu€Common Types of T&E in DoD
lation tools are included as analytical verification
methods that complement other methods. Th@&E policy requires developmental tests. They
focus and nature of verification activities changeconfirm that technical requirements have been
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From: Synthesis

Physical Verification

Select
Verification Approach

Define, Inspection, Analysis, Define ' Establish Verification
Demo, or Test Requirements Verification Procedures Environment
[ |
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 4
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

satisfied, and independent analysis and tests verify Evaluation (IOT&E), and Follow-On Opera-
the system’s operational effectiveness and suita- tional Test and Evaluation (FOT&E), and
bility. DoD T&E traditionally and by directive is
categorized as: » Live Fire T&E which provides assessment of
the vulnerability and lethality of a system by
» Developmental T&E which focuses primarily  subjecting it to real conditions comparable to
on technical achievement, the required mission.

» Operational T&E which focuses on operationalT&E
effectiveness and suitability and includes Early
Operational Assessments (EOA), Operationallhe program office plans and manages the test
Assessment (OA), Initial Operational Test andeffort to ensure testing is timely, efficient,
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comprehensive and complete—and that test resultgperational scenarios. Part | of the required TEMP
are converted into system improvements. Test plarfformat isSystem Introductigriwhich provides the
ning will determine the effectiveness of themission description, threat assessment, MOEs/
verification process. Like all systems engineeringMOSs, a system description, and an identification
planning activities, careful attention to testof critical technical parameters. Partifitegrated
planning can reduce program risk. The key tesTest Program Summargrovides an integrated test
planning document is the Test and Evaluatiorprogram schedule and a description of the overall
Master Plan (TEMP). This document lays out theest management process. ParDiyelopmental
objectives, schedule, and resources reflecting prdrest & Evaluation (DT&E) Outlinelays out an
gram office and operational test organization planeverview of DT&E efforts and a description of
ning decisions. To ensure integration of this effuture DT&E. Part IVOperational Tes& Evalu-
fort, the program office organizes a Test Planningtion (OT&E) Outling is provided by the opera-
Work Group (TPWG) or Test Working Level IPT tional test organization and includes an OT&E
(WIPT) to coordinate the test planning effort.  overview, critical operational issues, future OT&E
description, and LFT&E description. Parthést
Test Planning Work Group/Test WIPT & Evaluation Resource Summargdentifies the
necessary physical resources and activity respon-
The TPWG/Test WIPT is intended to facilitate thesibilities. This last part includes such items as test
integration of test requirements and activitiesarticles, test sites, test instrumentation, test sup-
through close coordination between the memberport equipment, threat representation, test targets
who represent the material developer, designaand other expendables, operational force test
community, logistic community, user, operationalsupport, simulations, models, test-beds, special
tester, and other stakeholders in the system deveakquirements, funding, and training.
opment. The team outlines test needs based on
system requirements, directs test design, detekey Performance Parameters
mines needed analyses for each test, identifies
potential users of test results, and provides rapievery system will have a set of KPPs that are the

dissemination of test and evaluation results. performance characteristics timatistbe achieved
by the design solution. They flow from the opera-
Test and Evaluation Master Plan(TEMP) tional requirements and the resulting derived

MOEs. They can be identified by the user, the
The Test and Evaluation Master Plan is a mandadecision authority, or the operational tester. They
tory document prepared by the program office. There documented in the TEMP.
operational test organization reviews it and
provides the operational test planning for inclu-Developmental Test and Evaluation
sion. The TEMP is then negotiated between the
program office and operational test organizationThe DT&E verifies that the design solution meets
After differences are resolved, it is approved athe system technical requirements and the system
appropriate high levels in the stakeholder organiis prepared for successful OT&E. DT&E activities
zations. After approval it becomes binding on manassess progress toward resolving critical djmaral
agers and designers (similar to the binding naturisssues, the validity of cost-performanitadeoff
of the Operational Requirements Document (ORD))decisions, the mitigation of acquisition technical
risk, and the achievement of system maturity.
The TEMP is a valuable Verification tool that
provides an excellent template for technology, sysbT&E efforts:
tem, and major subsystem-level Verification plan-
ning. The TEMP includes a reaffirmation of thee Identify potential operational and technologi-
user requirements, and to an extent, an interpreta- cal capabilities and limitations of the alterna-
tion of what those requirements mean in various tive concepts and design options being pursued;
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DT&E

— Engineering completeness
— System performance

DT&E — Validate specifications
-1 - Technical compliance test
Techn'ol.o_gy - Prt—:éfg’;rrgg ctﬁCh — Qualification tests
Feasibility —Technical risk

Testing — Engineering

design DT&E
solutions -1
— Validates specifications
DT&E
Technology — | Sirulkiden | - '\Sﬂ)és(}ﬁirgaggggrmance

— Product acceptance
Studies and
Analysis I_ Requirements | Production Production DT&E
Design i
’ ’ ’ ’ g Zieslel — Modifications
| Simulation | | Simulation | — Alternatives
I I [
MS A MS B MS C
Concept and System Production Operations
Technology Development and and
Development and Deployment Support
Demonstration

Figure 7-3. DT&E During System Acquisition

Support the identification of cost-performanceLive Fire Test and Evaluation

tradeoffs by providing analyses of the

capabilities and limitations of alternatives; LFT&E is performed on any Acquisition Category
(ACAT) | or Il level weapon system that includes

Support the identification and description offeatures designed to provide protection to the sys-

design technical risks; tem or its users in combat. It is conducted on a
production configured article to provide informa-

Assess progress toward resolving Criticaltion concerning potential user casualties, vulner-

Operational Issues, mitigating acquisitionabilities, and lethality. It provides data that can

technical risk, achieving manufacturing processestablish the system’s susceptibility to attack and

requirements and system maturity; performance under realistic combat conditions.

Assess validity of assumptions and analysi®©perational Test and Evaluation
conclusions; and
OT&E programs are structured to determine the
Provide data and analysis to certify the systenoperational effectiveness and suitability of a sys-
ready for OT&E, live-fire testing and other tem under realistic conditions, and to determine if
required certifications. the minimum acceptable operational performance
requirements as specified in the ORD and reflected
Figure 7-3 highlights some of the more signifi- by the KPPs have been satisfied. OT&E uses threat-

cantDT&E focus areas and where they fit in therepresentative forces whenever possible, and em-
acquisition life cycle. ploys typical users to operate and maintain the

system or item under conditions simulating both
combat stress and peacetime conditions. Opera-
tional tests will use production or production-
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MS A MS B MS C
Concept and System Production Operations
Technology Development and and
Development and Deployment Support
Demonstration

— Validate
Requirements

Mission Integrated |Simu|ati0n | IE'IZE —aﬁﬁrational
Program y

Ar|ea- Summar Operational utility ~ Independent
u _ |
ATEVEIS Y — Production validation evaluation
— Independent assessment p——
P IOT&E
Concept OA — Follow-on OT&E
Studies — Operational utility
—Tactics-doctrine
— Potential effectiveness personnel
— Suitability _ Interoperability

— Alternatives -
— Independent evaluation IOT&E
— Milestone Il decision information

EOA
— Operational aspects
—Preferred alternatives

EOCA

Figure 7-4. OT&E During System Acquisition

representative articles for the operational tests thad used to determine if the program should pro-
support the full-rate production decision. Live Fireceed to full-rate production. Figure 7-5 lists the
Tests are usually performed during the operationahajor differences between the two.

testing period. Figure 7-4 shows the major activi-

ties associated with operational testing and where

they fit in the DoD acquisition life cycle. 7.3 SUMMARY POINTS

OT&E Differences The Verification activities of the Systems Engineer-
ing Process are performed to verify that physical
Though the overall objective of both DT&E and design meets the system requirements.
OT&E is to verify the effectiveness and suitability
of the system, there are distinct differences in their DoD T&E policy supports the verification pro-
specific objects and focus. DT&E primarily fo-  cess through a sequence of Developmental,
cuses on verifying system technical requirements, Operational, and Live-Fire tests, analyses, and
while OT&E focuses on verifying operational re-  assessments. The primary management tools for
guirements. DT&E is a program office responsi- planning and implementing the T&E effort are
bility that is used to develop the design. OT&E is the TEMP and the integrated planning team.
an independent evaluation of design maturity that
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Verification

Development Tests

Operational Tests

« Controlled by program manager
* One-on-one tests

» Controlled environment

» Contractor environment

» Trained, experienced operators

» Precise performance objectives and
threshold measurements

» Test to specification

» Developmental, engineering, or production
representative test article

Controlled by independent agency
Many-on-many tests

Realistic/tactical environment with
operational scenario

No system contractor involvement
User troops recently trained

Performance measures of operational
effectiveness and suitability

Test to operational requirements

Production representative test article

Figure 7-5. DT/OT Comparison
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CHAPTER 8

SYSTEMS ENGINEERING
PROCESS OUTPUTS

8.1 DOCUMENTING REQUIREMENTS considered. The design contractor will normally
AND DESIGNS develop the levels below these first three. Chapter 9
of this text describes the WBS in more detail.
Outputs of the systems engineering process con-
sist of the documents that define the system reSpecifications
guirements and design solution. The physical
architecture developed through the synthesis proA specification is a document that clearly and
cess is expanded to include enabling products aratcurately describes the essential technical require-
services to complete the system architecflines  ments for items, materials, or services including
system level architecture then becomes the refethe procedures by which it can be determined that
ence model for further development of system rehe requirements have been met. Specifications
quirements and documentSystem engineering help avoid duplication and inconsistencies, allow
process outputs include the system and configurder accurate estimates of necessary work and
tion item architectures, specifications, andresources, act as a negotiation and reference docu-
baselines, and the decision database. ment for engineering changes, provide documen-
tation of configuration, and allow for consistent
Outputs are dependent on the level of developmentommunication among those responsible for the
They become increasingly technically detailed a®ight primary functions of Systems Engineering.
system definition proceeds from concept to detailedhey provide IPTs a precise idea of the problem
design. As each stage of system definition igo be solved so that they can efficiently design the
achieved, the information developed forms thesystem and estimate the cost of design alternatives.
input for succeeding applications of the systenirhey provide guidance to testers for verification
engineering process. (qualification) of each technical requirement.

Architectures: System/Configuration Item Program-Unique Specifications

The System Architecture describes the entire sydDuring system development a series of specifica-
tem. Itincludes the physical architecture producedions are generated to describe the system at dif-
through design synthesis and adds the enablingrent levels of detail. These program unique speci-
products and services required for life cyclefications form the core of the configuration
employment, support, and management. Militarybaselines. As shown by Figure 8-2, in addition to
Handbook (MIL-HDBK)-881,Work Breakdown referring to different levels within the system hi-
Structuresprovides reference models for weaponerarchy, these baselines are defined at different
systems architectures. As shown by Figure 8-1phases of the design process.

MIL-HDBK-881 illustrates the first three levels

of typical system architectures. Program Officednitially the system is described in terms of the
can use MIL-HDBK-881 templates during systemtop-level (system) functions, performance, and in-
definition to help develop a top-level architec-terfacesThese technical requirements are derived
ture tailored to the needs of the specific systenfrom the operational requirements established by
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Level 1 Aircraft System

Level 2 |

. SE/ Peculiar Common . . Initial
Alr Program System Training Data Support Support Opisite Industrial | |gpares and
Vehicle Mgmt T&E Equipment | | Equipment Activation Facilities Initial
Repair
Parts
Airframe DT&E Equipment  Tech Pubs  Test and Test and 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 Manage- Handling Handling on Site Acquisition  or H/W
T mentData  Equipment  Equipment  Contractor or Mod Element)
Navigation/Guidance est Tech S t
Facilities Data €Ch SUpPOrt  \aintenance
Central Computer Depository Site
Fire 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

the user. This system-level technical description iBy the Technical Data Package, which will include
documented in the System Specification, which is1ot only Item Detail Specifications, but also, Pro-
the primary documentation of the system-levelkcess and Material Specifications, as well as draw-
Functional Baseline. The system requirements ariegs, parts lists, and other information that de-
then flowed down (allocated) to the items belowscribes the final system in full physical detail. Fig-
the system level, such that a set of design criteriare 8-3 shows how these specifications relate to
are established for each of those items. These itetheir associated baselines.

descriptions are captured in a set of ltem Perfor-

mance Specifications, which together with otheRole of Specifications

interface definitions, process descriptions, and

drawings, document the Allocated Baseline (someRequirements documents express why the devel-
times referred to as the “Design To” baseline).opment is needed. Specification documents are an
Having baselined the design requirements for thantermediate expression of what the needed sys-
individual items, detailed design follows. Detailedtem has to do in terms of technical requirements
design involves defining the system from top to(function, performance, and interface). Design
bottom in terms of the physical entities that will documents (drawings, associated lists, etc.) de-
be employed to satisfy the design requirementsscribe the means by which the design requirements
When detailed design is complete, a final baselinare to be satisfied. Figure 8-4 illustrates how
is defined. This is generally referred to as the Prodrequirements flow down from top-level specifica-
uct Baseline, and, depending on the stage of deéions to design documentation. Preparation of
velopment, may reflect a “Build to” or “As built” specifications are part of the system engineering
description. The Product Baseline is documentegrocess, but also involve techniques that relate to
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System _— . . Integrated and
C()J/ncept P System Definition (Functional Baseline) Quali?ied System

Requirements |

0 n
d —’ System Specification
|—>u : — - - »| SI&T
ct Preliminary Design (Allocated Baseline)
t
Product
Output
’ Item Performance Specifications
System P| SI&T
Spec Detail Design (Product BL)
Product T
Output
Performance Item Specs } SI&T
Material
Specs
>
Drawings
X Product
SI&T = System Integration and Text Output
Figure 8-2. Specifications and Levels of Development
Specification Content Baseline
System Defines mission/technical performance requirements. Functional
Spec Allocates requirements to functional areas and defines interfaces.
Iltem Defines performance characteristics of Cls and CSCls. Allocated
Performance Details design requirements and with drawings and other “Design To”
Spec documents form the Allocated Baseline.
Item Detall 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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communication skills, both legal and editorial. and requirements traceability. Enabling product
Figure 8-5 provides some rules of thumb thabaseline documents include a wide range of
illustrate this. documents that could include manufacturing plans

and processes, supportability planning, supply
In summary, specifications document what thedocumentation, manuals, training plans and pro-
system has to do, how well it has to do it, and hovgrams, test planning, deployment planning, and

to verify it can do it. others. All enabling products should be reviewed
for their susceptibility to impact from system con-
Baselines figuration changes. If a document is one that

describes a part of a system and could require
Baselines formally document a product at some&hange if the configuration changes, then most
given level of design definition. They are refer-likely it should be included as a baseline 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 documerBaselines 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 include both end and enfused. Acquisition Program Baselines are high level
abling product descriptions. End product baselin@ssessments of program maturity and viability.
documents normally include those describingConfiguration Baselines are system descriptions.
system requirements, functional architecturefigure 8-6 provides additional clarification.
physical architecture, technical drawing package,

System
Spec

| l Item Performance
Specs
I_' Item
Detail Specs

Process
Material . L .
Specs Technical Data Package which includes:
Product Baseline . Englngerlng Drawings and associated lists
= - » 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 requirements
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

Decision Database 8.2 DOD POLICY AND PRACTICE—
SPECIFICATIONS AND STANDARDS

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, Quality Function Deployment (QFDgoncerning proven methods and practices.

analysis, models, simulations, and other data

generated to understand a requirement, develdppecifications

alternative solutions, or make a choice between

them. These items are retained and controlled d30D uses three basic classifications of specifica-

part of the Data Management process described tions: materiel specifications (developed by DoD

Chapter 10. 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 physical characteristics
and thresholds — Functional Baseline — Describes system
— Threshold breach results in re-evalua- level requirements
tion of program at MDA level — Allocated Baseline — Describes design
— Selected key performance parameters requirements for items below system
— Specifically evolves over the develop- level
ment cycle and is updated at each major — Product Baseline — Describes product
milestone review or program restructure physical detail
« Required on ALL programs for measuring « Documents outputs of Systems Engineering
and reporting status Process

Figure 8—6. Acquisition Program Baselines and Configuration Baselines
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DoD developed specifications describe essentiab develop and use performance specifications in

technical requirements for purchase of materiela reprocurement.

Program-Unique Specifications are an integral part

of the system development process. Standard praPerformance Specifications

tice for preparation of DoD and Program-Unique

Specifications is guided by MIL-STD-961D. Performance Specifications state requirements in

This standard provides guidance for the developterms of the required results with criteria for veri-

ment of performance and detail specificationsfying compliance, but without stating the methods

MIL- STD-961D, Appendix A provides further for achieving the required results. In general, per-

guidance for the development of Program-Uniqudormance specifications define products in terms

Specifications. of functions, performance, and interface require-
ments. They define the functional requirements for

Non-DoD specifications and standards approvedhe item, the environment in which it must oper-

for DoD use are listed in thBoD Index of ate, and interface and interchangeability charac-

Specifications and Standar(i3oDISS). teristics. The contractor is provided the flexibility
to decide how the requirements are best achieved,
DoD Policy (Specifications) subject to the constraints imposed by the govern-

ment, typically through interface requirements.
DoD policy is to developerformancespecifica- System Specifications and Item Performance
tions for procurement and acquisition. In generalSpecifications are examples of performance
detail specifications are left for contractor devel-specifications.
opment and use. Use of a detail specification in
DoD procurement or acquisition should be con-Detail Specifications
sidered only where absolutely necessary, and then
only with supporting trade studies and acquisitiorDetail Specifications, such as Item Detail, Mate-
authority approval. rial and Process Specifications, provide design re-
guirements. This can include materials to be used,
DoD policy gives preference to the use of com-how a requirement is to be achieved, or how an
mercial solutions to government requirementsijtem is to be fabricated or constructed. If a specifi-
rather than development of unique designs. Theresation contains both performance and detail re-
fore, the use of commercial item specifications andjuirements, it is considered a Detail Specification,
descriptions should be a priority in system archiwith the following exception: Interface and inter-
tecture development. Only when no commerciathangeability requirements in Performance Speci-
solution is available should government detaiffications may be expressed in detailed terms. For
specifications be employed. example, a Performance Specification for shoes
would specify size requirements in detailed terms,
In the case of re-procurement, where detail specbut material or method of construction would be
fications and drawings are government ownedstated in performance terms.
standardization or interface requirements may
present a need for use of detailed specificationsSoftware Documentation — IEEE/EIA 12207
Trade studies that reflect total ownership costs and
the concerns related to all eight primary functiondEEE/EIA 12207 Software Life Cycle Processes
should govern decisions concerning the type oflescribes the U.S. implementation of the ISO stan-
specification used for re-procurement of systemslard on software processes. This standard describes
subsystems, and configuration items. Such tradtéhe development of software specifications as one
studies and cost analysis should be preformed pri@spect of the software development process.
to the use of detail specifications or the decision
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The process described in IEEE/EIA 12207 forexpectation is established among all stakeholders

allocating requirements in a top-down fashion andn the software development activity.

documenting the requirements at all levels parallels

the systems engineering process described in th&tandard Practice for Defense Specifications —

text. The standard requires first that system-leveMIL-STD-961D

requirements be allocated to software items (or

configuration items) and that the softwareThe purpose of MIL-STD-961D is to establish

requirements then be documented in terms of funatniform practices for specification preparation, to

tionality, performance, and interfaces, and thaensure inclusion of essential requirements, to

gualification requirements be specified. Softwareensure Verification (qualification) methods are es-

item requirements must be traceable to systentablished for each requirement, and to aid in the

level, and be consistent and verifiable. use and analysis of specification content. MIL-
STD-961D establishes the format and content of

The developer is then required to decompose eadystem, configuration item, software, process and

software item into software components and thematerial specifications. These Program-Unique

into software units that can be coded. Requiremenpecifications are developed through application

are allocated from item level, to component, anaf the systems engineering process and represent

finally to unit level. This is the detailed design a hierarchy as shown in Figure 8-7.

activity and IEEE/EIA 12207 requires that these

allocations of requirements be documented irStandards

documents that are referred to as “descriptions,”

or, if the item is a “stand alone” item, as “specifi- Standards establish engineering and technical

cations.” The content of these documents is definelimitations and applications for items, materials,

in the IEEE/EIA standard; however, the level ofprocesses, methods, designs, and engineering

detail required will vary by project. Each project practices. They are “corporate knowledge” docu-

must therefore ensure that a common level ofments describing how to do some process or a

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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description of a body of knowledge. Standarddirected standards should be confirmed by trade
come from many sources, reflecting the practicestudies and requirements traceability.

or knowledge base of the source. Format and con-

tent of Defense Standards, including HandbooksDoD Index of Specifications and Standards

are governed by MIL-STD-962. Other types of

standards in use in DoD include Commercial StanThe DoDISS lists all international, adopted indus-

dards, Corporate Standards, International Startry standardization documents authorized for use
dards, Federal Standards, and Federal Informatidoy the military departments, federal and military

Processing Standards. specifications and standards. Published in three
volumes, it contains over 30,000 documents in 103
DoD Policy (Standards) Federal Supply Groups broken down into 850 Fed-

eral Supply Classes. It covers the total DoD use of
DoD policy does not require standard managemergpecifications and standards, ranging from fuel
approaches or manufacturing processes on cospecifications to international quality standards.
tracts. This policy applies to the imposition of both
Military Specifications and Standards and, in ad-
dition, to the imposition of Commercial and In- 8.3 SUMMARY POINTS
dustry Standards. In general, the preferred ap-
proach is to allow contractors to use industry, gove System Engineering Process Outputs include
ernment, corporate, or company standards they the system/configuration item architecture,
have determined to be appropriate to meet specifications and baselines, and the decision
government’s needs. The government reviews and database.
accepts the contractor’'s approach through a
contract selection process or a contractual review System/Configuration Item Architectures in-
process. clude the physical architecture and the associ-
ated products and services.
The government should impose a process or
standard only as a last resort, and only with the Program-Unique specifications are a primary
support of an appropriate trade study analysis. If a output of the System Engineering Process. Pro-
specific standard is imposed in a solicitation or gram-Unique specifications describe what the
contract, a waiver will be required from an  system or configuration item must accomplish
appropriate Service authority. and how it will be verified. Program-Unique
specifications include the System, Item Perfor-
However, there is need on occasion to direct the mance, and Item Detail Specifications. The
use of some standards for reasons of standardiza- System Specification describes the system re-
tion, interfaces, and development of open systems. quirements, while Item Performance and Item
A case in point is the mandated use of the Joint Detail Specifications describe configuration
Technical Architecture (JTA) for defining item requirements.
interoperability standards. The JTA sets forth the
set of interface standards that are expected to ke Configuration baselines are used to manage and
employed in DoD systems. The JTA is justifiably  control the technical development. Program
mandatory because it promotes needed baselines are used for measuring and supporting
interoperability standardization, establishes sup- program status.
portable interface standards, and promotes the
development of open systems. » The Decision Database includes those docu-
ments or software that support understanding
DoD technical managers should be alert to situa- and decision making during formulation of the
tions when directed standards are appropriate to configuration baselines.
their program. Decisions concerning use of
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Systems Engineering Process Outputs

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 manage-

ment approaches or manufacturing processes

on contracts.

81
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analysis. A case in point is the mandatory use
of the standards listed in the Joint Technical
Architecture.
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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 chaf¥VBS 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 WBS.allocation, performance measurement, and status

(See Figure 9-1.) 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 considdata, 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
Air Vehicle 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 define WBS — Benefits

the top three levels. As the program proceeds

through development and is further defined, proThe WBS allows the total system to be described
gram managers should ensure that the WBS ithrough a logical breakout of product elements into
extended to identify all high-cost and high-riskwork packages. A WBS, correctly prepared, will
elements for management and reporting, whileccount for all program activity. It links program
ensuring the contractor has complete flexibility toobjectives and activities with resources, facilitates
extend the WBS below the reporting requirementnitial budgets, and simplifies subsequent cost

to reflect how work will be accomplished. reporting. The WBS allows comparison of vari-
ous independent metrics and other data to look for

Basic Purposes of the WBS comprehensive trends.

Organizational: Itis a foundation for all program activities, includ-

The WBS provides a coordinated, complete, anéhg program and technical planning, event sched-

comprehensive view of program management. ltle definition, configuration management, risk

establishes a structure for organizing systenmanagement, data management, specification

development activities, including IPT design, preparation, SOW preparation, status reporting

development, and maintenance. and problem analysis, cost estimates, and budget
formulation.

Business:

It provides a structure for budgets and cost esti-

mates. It is used to organize collection and analy3.2 WBS DEVELOPMENT

sis of detailed costs for earned value reports (Cost

Performance Reports or Cost/Schedule Controrhe physical and system architectures are used to

System Criteria reporting). prepare the WBS. The architectures should be
reviewed to ensure that all necessary products and

Technical: services are identified, and that the top-down struc-

The WBS establishes a structure for: ture provides a continuity of flow down for all

tasks. Enough levels must be provided to identify
» |dentifying products, processes, and data, = work packages for cost/schedule control purposes.
If too few levels are identified, then management
» Organizing risk management analysis andvisibility and integration of work packages may
tracking, suffer. If too many levels are identified, then pro-
gram review and control actions may become
» Enabling configuration and data managementexcessively time-consuming.
It helps establish interface identification and
control. The first three WBS Levels are organized as:
Level 1 — Overall System
» Developing work packages for work orders and  Level 2 — Major Element (Segment)
material/part ordering, and Level 3 — Subordinate Components (Prime
Items)
» Organizing technical reviews and audits.
Levels below the first three represent component
The WBS is used to group product items for specidecomposition down to the configuration item
fication development, to develop Statements ofevel. In general, the government is responsible for
Work (SOW), and to identify specific contract the development of the first three levels, and the
deliverables. contractor(s) for levels below three.
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DoD Practice system typically consists of the prime mission
product(s) delivered to the operational customer.
In accordance with DoD mandatory procedures imThis part of the WBS is based on the physical
DoD 5000.2-R and common DoD practice as esarchitectures developed from operational require-
tablished in MIL-HDBK-881, the program office ments. It represents that part of the WBS involved
develops a program WBS and a contract WBS foin product development. Figure 9-2 presents a
each contract. The program WBS is the WBS thasimple example of a program WBS product part.
represents the total system, i.e., the WBS that
describes the system architecture. The contradthe “enabling product” part of the system includes
WBS is the part of the program WBS that relateghe products and services required to develop,
to deliverables and tasks of a specific contract. produce, and support the end producii{b)s part

of the WBS includes the horizontal elements of
MIL-HDBK-881 is used by the program office to the system architecture (exclusive of the end prod-
support the systems engineering process in develcts), and identifies all the products and services
oping the first three levels of the program WBS,necessary to support the life cycle needs of the
and to provide contractors with guidance for lowerproduct. Figure 9-3 shows an example of the top
level WBS development. As with most standardghree levels of a complete WBS tree.
and handbooks, use of MIL-HDBK-881 cannot be
specified as a contract requirement. Contract WBS
Though WBS development is a systems engineeA contract WBS is developed by the program office
ing activity, itimpacts cost and budget professionin preparation for contracting for work required to
als, as well as contracting officers. An integrateddevelop the system. It is further developed by the
team representing these stakeholders should lentractor after contract award. The contract WBS
formed to support WBS development. is that portion of the program WBS that is specifi-
cally being tasked through the contract. A simple
example of a contract WBS derived from the
program WBS shown in Figure 9-2 is provided by
A program WBS has an end product part and afigure 9-4. Figure 9-4, like Figure 9-2, only
enabling product part. The end product part of théncludes the product part of the contract WBS. A

WBS Anatomy

Level 1 System
Air Vehicle
Level 2 10
Level 3 Air Frame Propulsion Fire Control Etc. >
11 1.2 1.3 1.n

Figure 9-2. Program WBS — The Product Part (Physical Architecture)
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: Aircraft Systems WBS
Level 1 Aircraft System (MIL-I-)IIDBK-881)

Level 2 |

) SE/ Peculiar Common . . Initial

Air Program System Training Data Support Support Op/Site Industrial | |gpares and

Vehicle Mgmt T&E Equipment Equipment Activation Facilities Initial

Repair

Parts

Airframe DT&E Equipment  Tech Pubs  Test and Test and 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 St Equipment  Grouping
P Support Manage- Handling Handling on Site Acquisition  or H/W
Com/Identification ; ;
Naviqation/Guid Test ment Data Equipment  Equipment  Contractor or Mod Element)
avigation/Guidance Fadilities Data Tech Support /-intenance
Central Computer Depository Site
Eire Control Construction
Data Display and Controls Site/Ship
R 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

complete contract WBS would include associateds used to organize and identify contractor tasks.
enabling products, similar to those identified inThe program office’s preliminary version is used
Figure 9-3. The resulting complete contract WBSo develop a SOW for the Request for Proposals.

Level 1 Fire Control
Radar Level 2
Receiver Transmitter Antenna Radar S/W Level 3

Figure 9—-4. Contract WBS
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9.3 DESIGNING AND TRACKING WORK WBS Dictionary

A prime use of the WBS is the design and trackingds part of the work and cost control use of the
of work. The WBS is used to establish what workWBS, a Work Breakdown Dictionary is developed.
is necessary, a logical decomposition down to worleor each WBS element a dictionary entry is pre-
packages, and a method for organizing feedbaclkared that describes the task, what costs (activi-
As shown by Figure 9-5, the WBS element isties) apply, and the references to the associated
matrixed against those organizations in the com€ontract Line Iltem Numbers and SOW paragraph.
pany responsible for the task. This creates cogkn example of a level 2 WBS element dictionary
accounts and task definition at a detailed level. lentry is shown as Figure 9-6.

allows rational organization of integrated teams

and other organizational structures by helping

establishwhat expertise and functional supportis9.4 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 rTg;t—l M raining |
Ir LSSty MY
Vehicle
1 \
Airframe | Fire rngulsicm !
L —"— 1 L " o 1
Control
| \
[ P ‘
Training
L —,—~ 1
] \
I I I \
o~ Receiver JYR— Xmtr
=) Group Group
T
(0]
c
=)
i
| Assembly Cost Cost Cost
Account Account Account Work Packages
(]
2 o Feed Horn
s 2 £ Machining
2 @ = . Cost Cost Cost
g 2 ——g -1 Fabrication Labor
£ g S Account Account Account Material
% O é Other Direct Costs
g Waveguide
| set-Ups Cost Cost Cost Bending
Account Account Account
\\m
2

Figure 9-5. WBS Control Matrix
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CONTRACT NUMBER
Index Item No. 2 WBS Level 2 F33657-72-C-0923
WBS Element WBS Title Contract
A10100 Air Vehicle Line Item:
. . 0001, 0001AA, 0001AB, 0001AC, 0001AD
Date Revision No. |Revision Auth  Approved 0001AE. 0001AF. 0001AG. 0001AH
Chg ) ) )

Specification No. [Specification Title:
Prime Item Development
Specification for AGM 86A Air Vehicle/

Airframe

689E078780028

Element Task 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 Navigation/Guidance
element, and Airborne Development Test Equipment and
Airborne Operational Test Equipment and to the integra-
tion 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).

MPC/PMC
A10100

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.

Cost Description
Work Order/Work Auth

See lower level
WBS Elements

Applicable SOW Paragraph
3.6.2

Figure 9-6. Work Breakdown Dictionary

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

The system architecture provides the structure
for a program WBS. SOW tasks flow from this
WBS.

The WBS provides a structure for organizing
IPTs and tracking metrics.



CHAPTER 10

CONFIGURATION
MANAGEMENT

10.1 FOUNDATIONS of configuration control authority corresponding
to the baseline structure. Since lower level baselines
Configuration Defined have to conform to a higher-level baseline, changes

at the lower levels must be examined to assure they
A “configuration” consists of the functional, physi- do not impact a higher-level baseline. If they do,
cal, and interface characteristics of existing othey must be approved at the highest level im-
planned hardware, firmware, software or a combipacted. For example, suppose the only engine
nation thereof as set forth in technical documentaturbine assembly affordably available for an engine
tion and ultimately achieved in a product. The condevelopment cannot provide the continuous oper-
figuration is formally expressed in relation to aating temperature required by the allocated base-
Functional, Allocated, or Product configuration line. Then not only must the impact of the change

baseline as described in Chapter 8. at the lower level (turbine) be examined, but the
change should also be reviewed for possible im-
Configuration Management pact on the functional baseline, where requirements

such as engine power and thrust might reside.
Configuration management permitse orderly
development of a system, subsystem, or configu€onfiguration management is supported and
ration item. A good configuration management properformed by integrated teams in an Integrated
gram ensures that designs are traceable to requiféroduct and Process Development (IPPD) envi-
ments, that change is controlled and documentedpnment. Configuration management is closely
that interfaces are defined and understood, and thassociated with technical data management and
there is consistency between the product and iteterface management. Data and interface manage-
supporting documentation. Configuration management is essential for proper configuration manage-
ment provides documentation that describes whanent, and the configuration management effort has
is supposed to be produced, what is being producett) include them.
what has been produced, and what modifications
have been made to what was produced. DoD Application of

Configuration Management
Configuration management is performed on
baselines, and the approval level for configuratiorDuring the development contract, the Government
modification can change with each baseline. In &hould maintain configuration control of the
typical system development, customers or usefunctional and performance requirements only,
representatives control the operational requiregiving contractors responsibility for the detailed
ments and usually the system concept. The devetlesign. (SECDEF Memo of 29 Jun 94.) This im-
oping agency program office normally controls theplies government control of the Functional (sys-
functional baseline. Allocated and product basetem requirements) Baseline. Decisions regarding
lines can be controlled by the program office, thevhether or not the government will take control of
producer, or a logistics agent depending on the lifghe lower-level baselines (allocated and product
cycle management strategy. This sets up a hierarclpaselines), and when ultimately depends on the
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requirements and strategies needed for the partictelated Cls. The decision to place an item, or items,
lar program. In general, government control ofunder formal configuration control results in:
lower-level baselines, if exercised, will take place
late in the development program after design has Separate specifications,
stabilized.
» Formal approval of changes,
Configuration Management Planning
» Discrete records for configuration status
When planning a configuration management ef- accounting,
fort you should consider the basics: what has to be
done, how should it be done, who should do ite Individual design reviews and configuration
when should it be done, and what resources are audits,
required. Planning should include the organiza-
tional and functional structure that will define thes Discrete identifiers and name plates,
methods and procedures to manage functional and
physical characteristics, interfaces, and documents Separate qualification testing, and
of the system component. It should also include
statements of responsibility and authority, meths Separate operating and user manuals.
ods of control, methods of audit or verification,
milestones, and schedules. EIA 1S-649, National
Consensus Standard for Configuration Manage10.2 CONFIGURATION MANAGEMENT
ment, and MIL-HDBK-61 can be used as plan- STRUCTURE
ning guidance.
Configuration management comprises four
Configuration Item (CI) interrelated efforts:

A key concept that affects planning is the configu- Identification,

ration item (CI). Cl decisions will determine what

configurations will be managed. Cls are an aggres Control,

gation of hardware, firmware, or computer soft-

ware, or any of their discrete portions, which sate Status Accounting, and

isfies an end-use function and is designated for

separate configuration management. Any item Audits.

required for logistic support and designated for

separate procurement is generally identified as CAlso directly associated with configuration man-
Components can be designated Cls because afjement are data management and interface man-
crucial interfaces or the need to be integrated witligement. Any configuration management planning
operation with other components within or out-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- Identification

ment funds, including nondevelopmental 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
WBS. specifications, including:

Impact of CI Designation » Selection of the Cls,

Cl designation requires a separate configuratiom Determination of the types of configuration
management effort for the ClI, or groupings of documentation required for each ClI,
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 Documenting the functional and physical Change Documents Used for
characteristics of each Cl, Government Controlled Baselines

» Establishing interface management procedureg§,here are three types of change documents used
organization, and documentation, to control baselines associated with government
configuration management: Engineering Change
* Issuance of numbers and other identifiersProposal, Request for Deviation, and Request for
associated with the system/Cl configurationWaivers.
structure, including internal and external
interfaces, and » Engineering Change Proposals (ECP) identify
need for a permanent configuration change.
» Distribution of CI identification and related Upon approval of an ECP a new configuration
configuration documentation. is established.

Configuration Documentation » Requests for Deviation or Waiver propose a
temporary departure from the baseline. They

Configuration documentation is technical docu- allow for acceptance of non-conforming

mentation that identifies and defines the item’s material. After acceptance of a deviation or

functional and physical characteristics. It is waiver the documented configuration remains

developed, approved, and maintained through three unchanged.

distinct evolutionary increasing levels of detail. The

three levels of configuration documentation formEngineering Change Proposal (ECP)

the three baselines and are referred to as functional,

allocated, and product configuration documentaAn ECP is documentation that describes and

tion. These provide the specific technical descripsuggests a changea configuration baseline. Sepa-

tion of a system or its components at any point imate ECPs are submitted for each change that has a

time. distinct objective. To provide advanced notice and
reduce paperwork, Preliminary ECPs or Advance
Configuration Control Change/Study Notices can be used preparatory to

issue of a formal ECP. Time and effort for the
Configuration Control is the systematic proposalapproval process can be further reduced through
justification, prioritization, evaluation, coordina- use of joint government and contractor integrated
tion, approval or disapproval, and implementatiorteams to review and edit preliminary change
of all approved changes in the configuration of goroposals.
system/Cl after formal establishment of its
baseline. In other words, it is how a system (andECPs are identified as Class | or Class Il. Class |
its Cls) change control process is executed andhanges require government approval before
managed. changing the configuration. These changes can

result from problems with the baseline require-
Configuration Control provides managementment, safety, interfaces, operating/servicing capa-
visibility, ensures all factors associated with ability, preset adjustments, human interface includ-
proposed change are evaluated, prevents unnecdsg skill level, or training. Class | changes can also
sary or marginal changes, and establishes changpe used to upgrade already delivered systems to
priorities. In DoD it consists primarily of a the new configuration through use of retrofit, mod
change process that formalizes documentation ardts, and the like. Class | ECPs are also used to
provides a management structure for changehange contractual provisions that do not directly
approval. impact the configuration baseline; for example,

changes affecting cost, warranties, deliveries, or
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CleediEen Justification Codes
» Class| . .
e Class Il D — Correction of deficiency
S — Safety
Types B — Interface
« Preliminary C — Compatibility
- el O - OPS or log support
R — Cost reduction
PlleiEs V —Value engineering
* Emergency P — Production stoppage
» Urgent
* Routine A — Record only

Figure 10-1. ECP Designators

data requirements. Class | ECPs require prograindicates the change is not viable. The approach
office approval, which is usually handled throughused for preliminary ECPs vary in their form and
a formal Configuration Control Board, chaired byname. Both Preliminary ECPs and Advanced
the government program manager or delegate@hange/Study Notices have been used to formal-
representative. ize this process, but forms tailored to specific
programs have also been used.
Class Il changes correct minor conflicts, typos, and
other “housekeeping” changes that basically cor€onfiguration Control Board (CCB)
rect the documentation to reflect the current con-
figuration. Class Il applies only if the configura- A CCB is formed to review Class | ECPs for
tion is not changed when the documentation ispproval, and make a recommendation to approve
changed. Class Il ECPs are usually handled by the&r not approve the proposed change. The CCB
in-plant government representative. Class Il ECPshair, usually the program manager, makes the final
generally require only that the government con-decision. Members advise and recommend, but the
curs that the change is properly classified. Undeauthority for the decision rests with the chair. CCB
an initiative by the Defense Contract Managemenimembership should represent the eight primary
Command (DCMC), contractors are increasinglyfunctions with the addition of representation of the
delegated the authority to make ECP classificatioprocurement office, program control (budget), and
decisions. Configuration Control manager, who serves as the
CCB secretariat.
Figure 10-1 shows the key attributes associated
with ECPs. The preliminary ECP, mentioned inThe CCB process is shown in Figure 10-2. The
Figure 10-1, is a simplified version of a formal process starts with the contractor. A request to the
ECP that explains the proposed ECP, andontractor for an ECP or Preliminary ECP is
establishes an approximate schedule and cost foecessary to initiate a government identified
the change. The expense of an ECP developmeoonfiguration change. The secretariat’'s review
is avoided if review of the Preliminary ECP process includes assuring appropriate government
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CCB Review
CCB Secretariat Chairman (PM) cCB
(Configuration —p User Command —> Directive
Manager) Training Command
Log Command
Engineering ¢
Procurement
Program Control . Other .
Test |mplem_e_nt|ng
Config Mgmt activities
Safety
. . Maintenance \ 4
Engineering Change
Proposal (ECP) Contracting
Alteration in approved Officer
CM doc’s Cl or
contractural provision
Contractor
+ Begins and 4 D .
ends process

Figure 10-2. Configuration Control Board

contractual and engineering review is done prios All pertinent information is available for review;
to receipt by the CCB.

» The ECP has been reviewed by appropriate
CCB Management Philosophy functional activities; and

The CCB process is a configuration control pro-= Issues have been identified and addressed.
cess, but it is also a contractual control process.

Decisions made by the CCB chair affects the con€CB Documentation

tractual agreement and program baseline as well

as the configuration baseline. Concerns over cor@nce the CCB chair makes a decision concerning
tractual policy, program schedule, and budget caan ECP, the CCB issues a Configuration Control
easily come into conflict with concerns relating toBoard Directive that distributes the decision and
configuration management, technical issues, anilentifies key information relating to the imple-
technical activity scheduling. The CCB technicalmentation of the change:

membership and CCB secretariat is responsible to

provide a clear view of the technical need and the Implementation plan (who does what when);
impact of alternate solutions to these conflicts. The

CCB secretariat is further responsible to see that Contracts affected (prime and secondary);

the CCB is fully informed and prepared, including

ensuring that: » Dates of incorporation into contracts;

» A government/contractor engineering workinge Documentation affected (drawings, specifica-
group has analyzed the ECP and supporting data, tions, technical manuals, etc.), associated cost,
prepared comments for CCB consideration, and and schedule completion date; and
is available to support the CCB;
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« ldentification of any orders or directives needed* The configuration of all units, including those
to be drafted and issued. in the operational inventory.

Request for Deviation or Waiver Purpose of Configuration Status Accounting

A deviation is a specific written authorization, Configuration Status Accounting provides infor-
granted prior to manufacture of an item, to depanmation required for configuration management by:
from a performance or design requirement for a

specific number of units or a specific period ofe Collecting and recording data concerning:

time. — Baseline configurations,

— Proposed changes, and
A waiver is a written authorization to accept a ClI — Approved changes.
that departs from specified requirements, but is
suitable for use “as is” or after repair. » Disseminating information concerning:

— Approved configurations,
Requests for deviation and waivers relate toatem-  — Status and impact of proposed changes,
porary baseline departure that can affect system  — Requirements, schedules, impact and
design and/or performance. The baseline remains status of approved changes, and
unchanged and the government makes a determi-  — Current configurations of delivered items.

nation whether the alternative “non-conforming”

configuration results in an acceptable substituteAudits

Acceptable substitute usually implies that there will

be no impact on support elements, systems affectébnfiguration Audits are used to verify a system
can operate effectively, and no follow-up or cor-and its components’ conformance to their configu-
rection is required. The Federal Acquisition Regu+ation documentation. Audits are key milestones
lations (FAR) requires “consideration” on govern-in the development of the system and do not stand
ment contracts when the Government accepts @one. The next chapter will show how they fit in
“non-conforming” unit. the overall process of assessing design maturity.

The distinction between Request for Deviation andrunctional Configuration Audits (FCA) and the
Request for a Waiver is that a deviation is use@®ystem Verification Review (SVR) are performed
beforefinal assembly of the affected unit, and ain the Production Readiness and LRIP stage of
waiver is usedifter final assembly or acceptance the Production and Development Phase. FCA

testing of the affected unit. is used to erify that actual performance of the
configuration item meets specification require-
Status Accounting ments. The 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 tarhe Physical Configuration Audit (PCA) is nor-
manage the configuration effectively, including: mally held during Rate Production and Develop-
ment stage as a formal examination of a pro-
» A listing of the approved configuration docu- duction representative unit against the draft tech-
mentation, nical data package (product baseline documenta-
tion).
» The status of proposed changes, waivers and
deviations to the configuration identification, Most audits, whether FCA or PCA, are today
approached as a series of “rolling” reviews in which
» The implementation status of approved change$tems are progressively audited as they are pro-
and duced such that the final FCA or PCA becomes
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significantly less oppressive and disruptive to thggrogram office (external and selected top-level
normal flow of program development. interfaces) or prime contractor (internal interfaces)
generally designates the chair.

10.3 INTERFACE MANAGEMENT Interface Control Documentation (ICD)

Interface Management consists of identifying theinterface Control Documentation includes Inter-
interfaces, establishing working groups to managéace Control Drawings, Interface Requirements
the interfaces, and the group’s development of inSpecifications, and other documentation that
terface control documentation. Interface Manageedepicts physical and functional interfaces of related
ment identifies, develops, and maintains the extemr co-functioning systems or components. ICD is
nal and internal interfaces necessary for systerthe product of ICWGs or comparable integrated
operation. It supports the configuration manageteams, and their purpose is to establish and main-
ment effort by ensuring that configuration tain compatibility between interfacing systems or
decisions are made with full understanding of theicomponents.
impact outside of the area of the change.

Open Systems Interface Standards
Interface ldentification

To minimize the impact of unique interface
An interface is a functional, physical, electrical,designs, improve interoperability, maximize the
electronic, mechanical, hydraulic, pneumatic, op-use of commercial components, and improve the
tical, software, or similar characteristic requiredcapacity for future upgrade, an open-systems ap-
to exist at a common boundary between two oproach should be a significant part of interface
more systems, products, or components. Normallgontrol planning. The open-systems approach in-
in a contractual relationship the procuring agencyolves selecting industry-recognized specifications
identifies external interfaces, sets requirements fasnd standards to define system internal and exter-
integrated teams, and provides appropriate personal interfaces. An open system is characterized by:
nel for the teams. The contracted design agent or
manufacturer manages internal interfaces; plans, Increased use of functional partitioning and
organizes, and leads design integrated teams; main- modular design to enhance flexibility of
tains internal and external interface requirements; component choices without impact on inter-
and controls interfaces to ensure accountability and faces,
timely dissemination of changes.

» Use of well-defined, widely used, non-propri-
Interface Control Working Group (ICWG) etary interfaces or protocols based on standards

developed or adopted by industry recognized

The ICWG is the traditional forum to establish  standards institutions or professional societies,
official communications link between those and
responsible for the design of interfacing systems
or components. Within the IPPD frameworke Explicit provision for expansion or upgrading
ICWGs can be integrated teams that establish link- through the incorporation of additional or
age between interfacing design IPTs, or could be higher performance elements with minimal
integrated into a system-level engineering work- impact on the system.
ing group. Membership of ICWGs or comparable
integrated teams should include membership frolDoD mandatory guidance for information tech-
each contractor, significant vendors, and particinology standards is in the Joint Technical Archi-
pating government agencies. The procuringecture.
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10.4 DATA MANAGEMENT Data Call for Government Contracts

Data management documents and maintains th&s part of the development of an Invitation for Bid
database reflecting system life cycle decisionsgr Request for Proposals, the program office is-
methods, feedback, metrics, and configuratiorsues a letter that describes the planned procure-
control. It directly supports the configuration sta-ment and asks integrated team leaders and effected
tus accounting process. Data Management goverrignctional managers to identify and justify their
and controls the selection, generation, preparatiomiata requirements for that contract. A description
acquisition, and use of data imposed on contractorsf each data item needed is then developed by the
affected teams or functional offices, and reviewed
Data Required By Contract by the program office. Data Item Descriptions,
located in the Acquisition Management Systems
Data is defined as recorded information, regardbata List (AMSDL) (see Chapter 8) can be used
less of form or characteristic, and includes all thdor guidance in developing these descriptions.
administrative, management, financial, scientific,
engineering, and logistics information and docu-Concurrent with the DoD policy on specifications
mentation required for delivery from the contrac-and standards, there is a trend to avoid use of stan-
tor. Contractually required data is classified as onédard Data Item Descriptions on contracts, and

of three types: specify the data item with a unique tailored data
description referenced in the Contract Data
» Type I: Technical data Requirements List.

» Type Il: Non-technical data
10.5 SUMMARY POINTS
» Type lll: One-time use data (technical or non-
technical) » Configuration management is essential to con-
trol the system design throughout the life cycle.
Data is acquired for two basic purposes:
» Use of integrated teams in an IPPD environ-
» Information feedback from the contractor for mentis necessary for disciplined configuration
program management control, and management of complex systems.

» Decision making information needed toes Technical data managementis essential to trace
manage, operate, and support the system (e.g., decisions and changes and to document designs,
specifications, technical manuals, engineering processes and procedures.
drawings, etc.).

» Interface management is essential to ensure that

Data analysis and management is expensive and system elements are compatible in terms of

time consuming. Present DoD philosophy requires form, fit, and function.

that the contractor manage and maintain signifi-

cant portions of the technical data, including the Three configuration baselines are managed:

Technical Data Package (TDP). Note that thisdoes  — Functional (System level)
not mean the government isn’'t paying for its — Allocated (Design To)
development or shouldn’t receive a copy for post- — Product (Build To/As Built)

delivery use. Minimize the TDP cost by request-

ing the contractor’s format (for example, accept-Configuration management is a shared responsi-
ing the same drawings they use for production)bility between the government and the contractor.

and asking only for details on items developed withContract manager (CM) key elements are ldentifi-

government funds. cation, Control, Status Accounting, and Audits.
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TECHNICAL REVIEWS
AND AUDITS

11.1 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 achievediormal technical reviews are preceded 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 is NOT the place for

A system in development proceeds through groblem solving, but to verify problem solving has

sequence of stages as it proceeds from conceptbeen done; it is a process rather than an event!

finished product. These are referred to as “levels

of development.” Technical Reviews are done aftePlanning

each level of development to check design matu-

rity, review technical risk, and determines whethePlanning for Technical Reviews must be extensive

to proceed to the next level of development. Techand up-front-and-early. Important considerations

nical Reviews reduce program risk and ease thfr planning include the following:

transition to production by:

Assessing the maturity of the design/develop-
ment effort,

Clarifying design requirements,
Challenging the design and related processes,

Checking proposed design configuratione
against technical requirements, customer needs,
and system requirements,

Evaluating the system configuration at different
stages, .

Providing a forum for communication, coordi-

nation, and integration across all disciplines and
IPTs,
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Timely and effective attention and visibility into
the activities preparing for the review,

Identification and allocation of resources
necessary to accomplish the total review effort,

Tailoring consistent with program risk levels,

Scheduling consistent with availability of
appropriate data,

Establishing event-driven entry and exit criteria,

Where appropriate, conduct of incremental
reviews,

Implementation by IPTs,
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» Review of all system functions, and Planning Tip: Develop a check list of pre-review,
review, and post-review activities required. De-
» Confirmation that all system elements arevelop check lists for exit criteria and required level
integrated and balanced. of detail in design documentation. Include key
guestions to be answered and what information
The maturity of enabling products are reviewedmust be available to facilitate the review process.
with their associated end product. Reviews shouldfigure 11-1 shows the review process with key
consider the testability, producibility, training, and activities identified.
supportability for the system, subsystem or
configuration item being addressed.
11.2 TECHNICAL REVIEWS
The depth of the review is a function of the com-
plexity of the system, subsystem, or configurationfechnical reviews are conducted at both the sys-
item being reviewed. Where design is pushingem level and at lower levels (e.g., sub-system).
state-of-the-art technology the review will require This discussion will focus on the primary system-
a greater depth than if it is for a commercial off-level reviews. Lower-level reviews may be thought
the-shelf item. Items, which are complex or anof as events that support and prepare for the sys-
application of new technology, will require a moretem-level events. The names used in reference to
detailed scrutiny.

1 1
Before P! During P! After —Pp

' Follow-up

« Track action
items and
issues

Track action
item completion

Resolve

. * Assign trends
Review responsibility . pocument and
o distribute
Individual and results of
team reviews review and
; Facilitate and action item
Pre-review pace meeting completions
« Individual and * Examine review
t p data and
o eam reviews analyses —
Familiarize + Examine data record and
- * Analyze data classify findings
Plan . Hav?_ overview « Track and « Address key
meeting document issues identi-
. analysis fied by pre-
. Idert1_tn_‘y X review activity
parucipants * Assess severity
« Assign roles of problems
and tasks ; i
- * Identify 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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reviews is unimportant; however, it is importantschedules, design and test data, trade studies, risk
that reviews be held at appropriate points in proanalysis, effectiveness analyses, mock-ups, bread-
gram development and that both the contractor anlboards, in-process and finished hardware, test
government have common expectations regardinmethods, technical plans (Manufacturing, Test,
the content and outcomes. Support, Training), and trend (metrics) data. Re-
views should be brief and follow a prepared agenda
based on the pre-review analysis and assessment
of where attention is needed.

Reviews are event-driven, meaning that they are

to be conducted when the progress of the produ@nly designated participants should personally
under development merits review. Forcing a revievattend. These individuals should be those that were
(simply based on the fact that a schedule develavolved in the preparatory work for the review
oped earlier) projected the review at a point in timexnd members of the IPTs responsible for meeting
will jeopardize the review's legitimacy. Do the the event exit criteria. Participants should include
work ahead of the review event. Use the reviewepresentation from all appropriate government
event as a confirmation of completed effort. Theactivities, contractor, subcontractors, vendors and
data necessary to determine if the exit criteria arsuppliers.

satisfied should be distributed, analyzed, and

analysis coordinated prior to the review. The typeA review is the confirmation of a process. New
of information needed for a technical reviewitems should not come up at the review. If signifi-
wouldinclude: specifications, drawings, manuals,cant items do emerge, it's a clear sign the review is

Conducting Reviews

Sys Item Detailed
Tech Design Design
Rgmts
System Q
Definition 2
MS ORD ‘B C
[ we || Biocks |
CAD Integration Demonstration Prod Readiness Rate Prod
Tech Reviews A A A A A AA A
ASR SRR SFR PDR CDR SVR PCA
FCA
Documents draft
Sys Perf Spec - - - - - - & }
ltem Perf Specs - oo ——)
ltem DetaillTDP - V'S *~—)
Baselines Contractor Government
Functional
Allocated ¢ ‘:}
Product ¢ ‘—>

Figure 11-2. Phasing of Technical Reviews
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being held prematurely, and project risk has jusThese stages are the “levels of development” re-
increased significantly. A poorly orchestrated anderred to in this chapter. System-level technical
performed technical review is a significant reviews are generally timed to correspond to the
indicator of management problems. transition from one level of development to an-

other. The technical review is the event at which
Action items resulting from the review are docu-the technical manager verifies that the technical
mented and tracked. These items, identified bynaturity of the system or item under review is suf-
specific nomenclature and due dates, are prepardidient to justify passage into the subsequent phase
and distributed as soon as possible after the reviewf development, with the concomitant commitment
The action taken is tracked and results distributedf resources required.
as items are completed.

As the system or product progresses through
Phasing of Technical Reviews development, the focus of technical assessment

takes different forms. Early in the process, the pri-
As a system progresses through design and devehary focus is on defining the requirements on
opment, it typically passes from a given level ofwhich subsequent design and development activi-
development to another, more advanced level dies will be based. Similarly, technical reviews
development. For example, a typical system willconducted during the early stages of develop-
pass from a stage where only the requirements areent are almost always focused on ensuring that
known, to another stage where a conceptuahe top-level concepts and system definitions
solution has been defined. Or it may pass from &eflect the requirements of the user. Once system-
stage where the design requirements for thé&vel definition is complete, the focus turns to de-
primary subsystems are formalized, to a stagsign at sub-system levels and below. Technical re-
where the physical design solutions for thoseviews during these stages are typically design re-
requirements are defined. (See Figure 11-2.)  views that establish design requirements and then

Alternative System Review

Requirements . .
q System Requirements Review

Reviews
System Functional Review

Design Preliminary Design Review

Reviews (includes System Software Specification Review)
Critical Design Review
Test Readiness Review
Production Readiness Review

Verlflqatlon Functional Configuration Audit
Reviews

System Verification Review

Physical Configuration Audit

Figure 11-3. Typical System-Level Technical Reviews
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verify that physical solutions are consistent withSpecific system-level technical reviews are known
those requirements. In the final stages of develofhy many different names, and different engi-
ment, techrdal reviews and audits are conductedneering standards and documents often use differ-
to verify thatthe products produced meet the re-ent nomenclature when referring to the same
guirements on which the development is basedeview. The names used to refer to technical
Figure 11-3 summarizes the typical schedule ofeviews are unimportant; however, it is important
system-level reviews by type and focus. to have a grasp of the schedule of reviews that is
normal to system development and to have an
Another issue associated with technical reviewsynderstanding of what is the focus and purpose of
as well as other key events normally associatethose reviews. The following paragraphs outline a
with executing the systems engineering processchedule of reviews that is complete in terms of
is when those events generally occur relative tassessing technical progress from concept through
the phases of the DoD acquisition life-cycleproduction. The names used were chosen because
process. The timing of these events will vary somethey seemed to be descriptive of the focus of the
what from program to program, based upon theactivity. Of course, the array of reviews and the
explicit and unique needs of the situation; how-<focus of individual reviews is to be tailored to the
ever, Figure 11-4 shows a generalized concept afpecific needs of the program under development,
how the technical reviews normal to systemsso not all programs should plan on conducting all
engineering might occur relative to the acquisitionof the following reviews.
life-cycle phases.

CE CAD Integration Demonstration LRIP Rate Sustainment
Prototype Demos EDMs
Test
ASR Configuration Definition ,@6\ FcAl [PCa
Systems ¥ SVR
Engineering
Activities %)
@\S‘/
&z
REQUIREMENTS
REVIEW
Pre-Systems Systems Acquisition Sustainment and
Acquisition (Engineering Development, Demonstration, Maintenance
LRIP and Production)
MNS ORD
Relationship to Requirements Process

Figure 11-4. Relationship of Systems Engineering Events
to Acquisition Life Cycle Phases
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Alternative Systems Review (ASR) Development in the revised acquisition life-cycle
process) is the stage during which system-level ar-
After the concept studies are complete a preferrechitectures are defined and any necessary advanced

system concept is identified. The associated drafievelopment required to assess and control tech-

System Work Breakdown Structure, preliminarynical risk is conducted. As the system passes into
functional baseline, and draft system specificationthe acquisition process, i.e., passes a Milestone B
are reviewed to determine feasibility and risk.and enters System Development and Demonstra-
Technology dependencies are reviewed to ascetion, it is appropriate to conduct a SRR. The SRR
tain the level of technology risk associated withis intended to confirm that the user’s requirements
the proposed concepts. This review is conductebave been translated into system specific techni-
late during the Concept Exploration stage of thecal requirements, that critical technologies are iden-
Concept and Technology Development Phase dffied and required technology demonstrations are
the acquisition process to verify that the preferregplanned, and that risks are well understood and

system concept:

mitigation plans are in place. The draft system

specification is verified to reflect the operational
» Provides a cost-effective, operationally-effectiverequirements.

and suitable solution to identified needs,

All relevant documentation should be reviewed,

» Meets established affordability criteria, and

» Can be developed to provide a timely solutione
to the need at an acceptable level of risk.

The findings of this review are a significant input

to decision review conducted after Concept
Exploration to determine where the system should
enter in the life-cycle process to continue devel-
opment. This determination is largely based onr
technology and system development maturity.

It is important to understand that the path of the
system through the life-cycle process will bes
different for systems of different maturities. Con-

sequently, the decision as whether or not to conduet

the technical reviews that are briefly described in

the following paragraphs is dependent on the extent

of design and development required to bring the
system to a level of maturity that justifies producing
and fielding it. .

System Requirements Review (SRR) .

If a system architecture system must be developed

and a top-down design elaborated, the system wi#l
pass through a number of well-defined levels of
development, and that being the case, a well-
planned schedule of technical reviews is impera-

including:

System Operational Requirements,

Draft System Specification and any initial draft
Performance Item Specifications,

Functional Analysis (top level block diagrams),
Feasibility Analysis (results of technology
assessments and trade studies to justify system
design approach),

System Maintenance Concept,

Significant system design criteria (reliability,
maintainability, logistics requirements, etc.),

System Engineering Planning,
Test and Evaluation Master Plan,

Draft top-level Technical Performance Measure-
ment, and

System design documentation (layout drawings,
conceptual design drawings, selected supplier
components data, etc.).

tive. The Component Advanced Development stag&he SRR confirms that the system-level require-
(the second stage of Concept and Technologgents are sufficiently well understood to permit
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the developer (contractor) to establish an initial syss
tem level functional baseline. Once that baseline is
established, the effort begins to define the function-
al, performance, and physical attributes of the items
below system level and to allocate them to the
physical elements that will perform the functions.

System Functional Review (SFR)

The process of defining the items or elements
below system level involves substantial engineer-
ing effort. This design activity is accompanied by
analysis, trade studies, modeling and simulatiors,
as well as continuous developmental testing to
achieve an optimum definition of the major ele-
ments that make up the system, with associated
functionality and performance requirements. This
activity results in two major systems engineering
products: the final version of the system perfor-

Functional Analysis and Allocation of require-
ments to items below system level,

Draft Item Performance and some Item Detail
Specifications,

Design data defining the overall system,

Verification that the risks associated with the
system design are at acceptable levels for
engineering development,

Verification that the design selections have been
optimized through appropriate trade study
analyses,

Supporting analyses, e.qg., logistics, human sys-
tems integration, etc., and plans are identified
and complete where appropriate,

mance specification and draft versions of the
performance specifications, which describe the
items below system level (item performance speci-
fications). These documents, in turn, define the
system functional baseline and the draft allocated
baseline. As this activity is completed, the system
has passed from the level of a concept to a well-
defined system design, and, as such, it is appropri-
ate to conduct another in the series of technicdfollowing the SFR, work proceeds to complete the
reviews. definition of the design of the items below system
level, in terms of function, performance, interface
The SFR will typically include the tasks listed requirements for each item. These definitions are
below. Most importantly, the system technicaltypically captured in item performance specifica-
description (Functional Baseline) must be apdions, sometimes referred to as prime item devel-
proved as the governing technical requiremenbpment specifications. As these documents are
before proceeding to further technical developmenftinalized, reviews will normally be held to verify
This sets the stage for engineering design anthat the design requirements at the item level reflect
development at the lower levels in the systenthe set of requirements that will result in an
architecture. The government, as the customegcceptable detailed design, because all design work
will normally take control of and manage the from the item level to the lowest level in the system
systemfunctional baseline following successful will be based on the requirements agreed upon at
completion of the SFR. the item level. The establishment of a set of final
item-level design requirements represents the defi-
The review should include assessment of the folnition of the allocated baseline for the system.
lowing items. More complete lists are found inThere are two primary reviews normally associ-
standards and texts on the subject. ated with this event: the Software Specification
Review (SSR), and the Preliminary Design Review
» Verification that the system specification (PDR).
reflects requirements that will meet user
expectations.

Technical Performance Measurement data and
analysis, and

Plans for evolutionary design and development

are in place and that the system design is
modular and open.

105



Systems Engineering Fundamentals Chapter 11

Software Specification Review (SSR) Item Performance Specifications, including the
system software specification, which form the
As system design decisions are made, typicallgore ofthe Allocated Baseline, will be confirmed
some functions are allocated to hardware itemdp represent a design that meets the System
while others are allocated to software. A separat&pecification.
specification is developed for software items to
describe the functions, performance, interfaces antihis review is performed during the System
other information that will guide the design andDevelopment and Demonstration phase. Reviews
development of software items. In preparation forare held for configuration items (CIs), or groups
the system-level PDR, the system softwareof related Cls, prior to a system-level PDR. Item
specification is reviewed prior to establishing thePerformance Specifications are put under configu-
Allocated Baseline. The review includes: ration control (Current DoD practice is for con-
tractors to maintain configuration control over ltem
» Review and evaluate the maturity of softwarePerformance Specifications, while the government
requirements, exercises requirements control at the system
level). At aminimum, the review should include
» Validation that the software requirements speciassessment of the following items:
fication and the interface requirements speci-
fication reflect the system-level requirementsse
allocated to software,

Item Performance Specifications,

« Draft Item Detail, Process, and Material

Evaluation of computer hardware and software
compatibility,

Evaluation of human interfaces, controls, and
displays

Assurance that software-related risks have been

Specifications,

Design data defining major subsystems,
equipment, software, and other system
elements,

Analyses, reports, “ility” analyses, trade stud-

identified and mitigation plans established, ies, logistics support analysis data, and design

documentation,

» Validation that software designs are consistent
with the Operations Concept Document, » Technical Performance Measurement data and

analysis,

» Plans for testing, and

» Engineering breadboards, laboratory models,
test models, mockups, and prototypes used to

support the design, and

» Review of preliminary manuals.

Preliminary Design Review (PDR)

» Supplier data describing specific components.
Using the Functional Baseline, especially the
System Specification, as a governing requiremenfRough Rule of Thumb: ~15% of production draw-
a preliminary design is expressed in terms of desigimgs are released by PDR. This rule is anecdotal
requirements for subsystems and configuratiomnd only guidance relating to an “average” defense
items. This preliminary design sets forth the func-hardware program.]
tions, performance, and interface requirements that
will govern design of the items below system level Critical Design Review (CDR)
Following the PDR, this preliminary desighlio-
cated Baseline) will be put under formal config-Before starting to build the production line there
uration control [usually] by the contractor. The needs to be verification and formalization of the
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mutual understanding of the details of the itenplete, comprehensive, and coordinated. PRRs are
being produced. Performed during the Systenmecessary to determine the readiness for produc-
Development and Demonstration phase, this retion prior to executing a production go-ahead
view evaluates the draft Production Baselinedecision. They will formally examine the pro-
(“Build To” documentation) to determine if the ducibility of the production design, the control over
system design documentation (Product Baselindghe projected production processes, and adequacy
including Item Detail Specs, Material Specs, Pro-of resources necessary to execute production.
cess Specs) is satisfactory to start initial manufadvianufacturing risk is evaluated in relationship to
turing. This review includes the evaluation of allproduct and manufacturing process performance,
Cls. It includes a series of reviews conducted focost, and schedule. These reviews support acqui-
each hardware CI before release of design to falsition decisions to proceed to Low-Rate Initial
rication, and each computer software CI befordProduction (LRIP) or Full-Rate Production.
final coding and testing. Additionally, test plans
are reviewed to assess if test efforts are develof~unctional Configuration Audit/ System
ing sufficiently to indicate the Test ReadinessVerification Review (FCA)/(SVR)
Review will be successful. The approved detail
design serves as the basis for final productiohis series of audits and the consolidating SVR
planning and initiates the development of finalre-examines and verifies the customer’s needs, and
software code. the relationship of these needs to the system and
subsystem technical performance descriptions
[Rough Rule of Thumb: At CDR the design should(Functional and Allocated Baselines). They deter-
be at least 85% complete. Many programs usenine if the system produced (including produc-
drawing release as a metric for measuring desigtion representative prototypes or LRIP units) is
completion. This rule is anecdotal and only guid-capable of meeting the technical performance
ance relating to an “average” defense hardwareequirements established in the specifications, test
program.] plans, etc. The FCA verifies that all requirements
established in the specifications, associated test
plans, and related documents have been tested and
that the item has passed the tests, or corrective
Typically performed during the System Demon-action has been initiated. The technical assessments
stration stage of the System Development andnd decisions that are made in SVR will be pre-
Demonstration phase (after CDR), the TRR assented to support the full-rate production go-ahead
sesses test objectives, procedures, and resouratecision. Among the issues addressed:
testing coordination. Originally developed as a

Test Readiness Review (TRR)

software CI review, this review is increasingly ¢
applied to both hardware and software items. The

TRR determines the completeness of test proce-

dures and their compliance with test plans and
descriptions. Completion coincides with the
initiation of formal Cl testing. .

Production Readiness Reviews (PRR) .

Performed incrementally during the System
Development and Demonstration and during the

Production Readiness stage of the Production and

Deployment phase, this series of reviews is held
to determine if production preparation for the sys-
tem, subsystems, and configuration items is com-
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Readiness issues for continuing design, continu-
ing verifications, production, training, deploy-
ment, operations, support, and disposal have
been resolved,

Verification is comprehensive and complete,

Configuration audits, including completion of all
change actions, have been completed for all Cls,

Risk management planning has been updated
for production,

Systems Engineering planning is updated for
production, and
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» Critical achievements, success criteria anadases where system technical maturity is more
metrics have been established for production.advanced than normal for the phase, for example,
where a previous program or an Advanced Tech-
nical Concept Demonstration (ACTD) has pro-
Physical Configuration Audit (PCA) vided a significant level of technical development
applicable to the current program. In some cases
After full-rate production has been approved, fol-this will precipitate the merging or even elimina-
low-on independent verification (FOT&E) has tion of acquisition phases. This does not justify
identified the changes the user requires, and thosdimination of the technical management activi-
changes have been corrected on the baseline dodies grouped under the general heading of systems
ments and the production line, then it is time taanalysis and control, nor does it relieve the
assure that the product and the product baselirgovernment program manager of the responsibil-
documentation are consistent. The PCA will for-ity to see that these disciplines are enforced. It does,
malize the Product Baseline, including specifica-however, highlight the need for flexibility and
tions and the technical data package, so that fututailoring to the specific needs of the program under
changes can only be made through full configuradevelopment.
tion management procedures. Fundamentally, the
PCA verifies the product (as built) is consistentFor example, a DoD acquisition strategy that pro-
with the Technical Data Package which describeposes that a system proceed directly into the dem-
the Product Baseline. The final PCA confirms: onstration stage may skip a stage of the complete
acquisition process, but it must not skip the for-
« The subsystem and ClI PCAs have beemulation of an appropriate Functional Baseline and
successfully completed, the equivalent of an SFR to support the develop-
ment. Nor should it skip the formulation of the
» The integrated decision database is valid andllocated Baseline and the equivalent of a PDR,

represents the product, and the formulation of the Product Baseline and
the equivalent of a CDR. Baselines must be devel-
» All items have been baselined, oped sequentially because they document differ-

ent levels of design requirements and must build
 Changes to previous baselines have beeon each other. However, the assessment of design
completed, and development maturity can be tailored as ap-
propriate for the particular system. Tailored efforts
» Testing deficiencies have been resolved andtill have to deal with the problem of determining
appropriate changes implemented, and when the design maturity should be assessed, and
how these assessments will support the formula-
e System processes are current and can k@n and control of baselines, which document the
executed. design requirements as the system matures.

The PCA is a configuration management activityln tailoring efforts, be extremely careful determin-
and is conducted following procedures establishethg the level of system complexity. The system
in the Configuration Management Plan. integration effort, the development of a single
advanced technology or complex sub-component,
or the need for intensive software development may
11.3 TAILORING be sufficient to establish the total system as a com-
plex project, even though it appears simple because
The reviews described above are based on most subsystems are simple or off-the-shelf.
complex system development project requiring
significant technical evaluation. There are also
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11.4 SUMMARY POINTS .

Each level of product development is evaluated
and progress is controlled by specification de-
velopment (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 maturity,
risk, and cost/schedule effectiveness to deter-
mine readiness to proceed.

Reviews must be planned, managed, and

followed 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 meth-
odology used by integrated teams to make choicefrade studies are required to support decisions
and resolve conflicts during the systems engineethroughout the systems engineering process. Dur-
ing process. Good trade study analyses demaridg requirements analysis, requirements are bal-
the participation of the integrated team; otherwiseanced against other requirements or constraints,
the solution reached may be based on unwarrantégcluding cost. Requirements analysis trade stud-
assumptions or may reflect the omission ofies examine and analyze alternative performance
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 varconducted 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 of
and lead to a balanced system solution. The level performance requirements and design con-
of detail of any trade study needs to be commen- straints,
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 con-
ducted in any systems engineering activity. Fors Determine performance requirements for lower-
mal trade studies tend to be those that will be used |evel functions when higher-level performance
in formal decision forums, e.g., milestone deci- and functional requirements can not be readily
sions. These are typically well documented and resolved to the lower-level, and
become a part of the decision database normal to
systems development. On the other hand, enginesr- Evaluate alternative functional architectures.
ing choices at every level involve trade-offs and
decisions that parallel the trade study process. Mosjuring design synthesis, trade studies are used to
of these less-formal studies are documented isvaluate alternative solutions to optimize cost,
summary detail only, but they are important in thaschedule, performance, and risk. Trade studies are
they define the design as it evolves. conducted during synthesis to:
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» Support decisions for new product and procespreferred. It is important that there be criteria
developments versus non-developmentaéstablished that are acceptable to all members of
products and processes; the integrated team as a basis for a decision. In

addition, there must be an agreed-upon approach

» Establish system, subsystem, and componend measuring alternatives against the criteria. If
configurations; these principles are followed, the trade study should

produce decisions that are rational, objective, and

» Assist in selecting system concepts, designgepeatable. Finally, trade study results must be such
and solutions (including people, parts, andthat they can be easily communicated to custom-
materials availability); ers and decision makers. If the results of a trade

study are too complex to communicate with ease,

e Support materials selection and make-or-buyit is unlikely that the process will result in timely
process, rate, and location decisions; decisions.

» Examine proposed changes; Trade Study Process

+ Examine alternative technologies to satisfyAs shown by Figure 12-1, the process of trade-off
functional or design requirements includinganalysis consists of defining the problem, bound-
alternatives for moderate- to high- risk ing the problem, establishing a trade-off method-
technologies; ology (to include the establishment of decision

criteria), selecting alternative solutions, determin-
 Evaluate environmental and cost impacts oing the key characteristics of each alternative,
materials and processes; evaluating the alternatives, and choosing a solution:

+ Evaluate alternative physical architectures to Defining the problem entails developing a
select preferred products and processes; and  problem statement including any constraints.
Problem definition should be done with extreme
+ Select standard components, techniques, care.After all, if you don’t have the right
services, and facilities that reduce system life- problem, you won't get the right answer.
cycle cost and meet system effectiveness
requirements. * Bounding and understanding the problem
requires identification of system requirements
During early program phases, for example, during that apply to the study.
Concept Exploration and functional baseline
development, trade studies are used to examine Conflicts between desired characteristics of the
alternative system-level concepts and scenarios to product or process being studied, and the
help establish the system configuration. During limitations of available data. Available databases
later phases, trade studies are used to examine should be identified that can provide relevant,
lower-level system segments, subsystems, and end historical “actual” information to support
items to assist in selecting component part designs. evaluation decisions.
Performance, cost, safety, reliability, risk, and other
effectiveness measures must be traded against eachEstablishing the methodology includes choos-
other and against physical characteristics. ing the mathematical method of comparison,
developing and quantifying the criteria used for
comparison, and determining weighting factors
12.2 TRADE STUDY BASICS (if any). Use of appropriate models and meth-
odology will dictate the rationality, objectivity,
Trade studies (trade-off analyses) are processes thatand repeatability of the study. Experience has
examine viable alternatives to determine which is shown that this step can be easily abused
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Trade Studies

Establish the study problem

« Develop a problem statement

« lIdentify requirements and con-
straints

« Establish analysis level of detail

Review inputs

¢ Check requirements and con-
straints for completeness and
conflicts

« Develop customer-team com-

v

Select and set up 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

« ldentify 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

through both ignorance and design. To the exs
tent possible the chosen methodology should
compare alternatives based on true value to the
customer and developer. Trade-off relationships
should be relevant and rational. Choice of util-e
ity or weights should answer the question, “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.
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Determining the key characteristics entails
deriving the data required by the study
methodology for each alternative.

Evaluating the alternatives is the analysis part
of the study. It includes the development of a
trade-off matrix to compare the alternatives,
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
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the methodology should be reviewed ande Provide analytic confirmation that designs
revised. After the above tasks are complete, a satisfy customer requirements within cost
solution is chosen, documented, and recorded constraints, and
in the database.
e Support product and process verification.
Cost Effectiveness Analyses

Cost effectiveness analyses are a special case tratiz3 SUMMARY POINTS

study that compares system or component perfor-

mance to its cost. These analyses help determine The purpose of trade studies is to make better
affordability and relative values of alternate and more informed decisions in selecting best
solutions. Specifically, they are used to: alternative solutions.

» Support identification of affordable, cost opti- « Initial trade studies focus on alternative system
mized mission and performance requirements, concepts and requirements. Later studies assist
in selecting component part designs.
e Support the allocation of performance to an
optimum functional structure, » Cost effectiveness analyses provide assessments
of alternative solution performance relative to
» Provide criteria for the selection of alternative  cost.
solutions,
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SUPPLEMENT 12-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 val-
each of the decision factors to normalize them taes for each of the decision factors are multiplied
ease comparison. This method establishes the relay the appropriate weight. The weighted values
tive value of the factor as it increases from theor each alternative solution are added to obtain a
minimum value of the range. The curve shows caiotal score for each solution. The solution with the
show a constant value relationship (straight line)highest score becomes the preferred solution. For
increasing value (concave curve), decreasing valuie 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 relativaigure 12-3 also illustrates a problem with the
value between them. These relative values are useiility 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 judgment thalotes

can vary between evaluators. Figure 12-3 shows

three systems clustered around 3.8, indicating thaWhen developing or adjusting utility curves and
a small variation in the utility curve or weighting weighting factors, communication with the
factor could change the results. In the case of Figgustomers and decision makers is essential. Most
ure 12-3, a sensitivity analysis should be performedensitivity problems are not as obvious as Figure
to determine how solutions change as utility andl2-3. Sensitivity need not be apparent in the alter-
weighting change. This will guide the evaluator innatives’ total score. To ensure study viability,
determining how to adjust evaluation criteria tosensitivity analysis should always be done to
eliminate the problem’s sensitivity to small examine the consequences of methodology choice.
changes. In the case of Figure 12-3 the solutiofMost decision support software provides a
could be as simple as re-evaluating weighting facsensitivity analysis feature.)

tors to express better the true value to the customer.

For example, if the value of range is considered to

be less and payload worth more than originally

stated, then System 4 may become a clear winner.

Decision Factors Range Speed Payload
Wt. =2.0 Wt. =1.0 Wt. =25 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 2.25 3.75

Key: U = Utility value

W = Weighted value

Figure 12-3. Sample Decision Matrix
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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 throughout 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
. Ope_rationa!ly rgady 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
Deta|l Prelim
Design Design
Reduce Program Risks
* Design. Helps Refine Requirements
* Integration . * Get the 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-operating in a realistic computer-generated envir-
ment to actual test and evaluation; manufacturinggnment. A virtual prototype is a computer-based
and logistics support. With so many opportunitiessimulation of a system or subsystem with a degree
to use M&S, its four major benefits; cost savingsof functional realism that is comparable to that of
accelerated schedule, improved product quality and physical prototype.
cost avoidance can be achieved in any system
development when appropriately applied. DoD andConstructive Simulations
industry around the world have recognized these
opportunities, and many are taking advantage ofhe purpose of systems engineering is to develop
the increasing capabilities of computer and infor-descriptions of system solutions. Accordingly, con-
mation technology. M&S is now capable of structive simulations are important products in all
prototyping full systems, networks, interconnect-key system engineering tasks and activities. Of
ing multiple systems and their simulators so thaspecial interest to the systems engineer are Com-
simulation technology is moving in every direction puter-Aided Engineering (CAE) tools. Computer-
conceivable. aided tools can allow more in-depth and complete
analysis of system requirements early in design.
They can provide improved communication be-
13.2 CLASSES OF SIMULATIONS cause data can be disseminated rapidly to several
individuals concurrently, and because design
The three classes of models and simulations ahanges can be incorporated and distributed
virtual, constructive, and live: expeditiously. Key computer-aided engineering
tools are CADCAE, CAM, Continuous Acquisi-
e Virtual simulations represent systems bothtion and Life Cycle Support, and Computer-Aided
physically and electronically. Examples are air-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 model
» Constructive simulations represent a systemdiverse aspects of the system such as how compo-
and its employment. They include computernents can be laid out on electrical/electronic cir-
models,analytic tools, mockups, IDEF, Flow cuit boards, how piping or conduit is routed, or
Diagrams, and Computer-Aided Design/ Manu-how diagnostics will be performed. It is used to
facturing (CAD/CAM). lay out systems or components for sizing, posi-
tioning, and space allocating using two- or three-
» Live simulations are simulated operations withdimensional displays. It uses three-dimensional
real operators and real equipment. Example$solid” models to ensure that assemblies, surfaces,
are fire drills, operational tests, and initial intersections, interfaces, etc., are clearly defined.

production run with soft tooling. Most CAD tools automatically generate isometric
and exploded views of detailed dimensional and
Virtual Simulation assembly drawings, and determine component sur-

face areas, volumes, weights, moments of inertia,
Virtual simulations put the human-in-the-loop. Thecenters of gravity, etc. Additionally, many CAD
operator’s physical interface with the system istools can develop three-dimensional models of
duplicated, and the simulated system is made tfacilities, operator consoles, maintenance work-
perform as if it were the real system. The operatostations, etc., for evaluating man-machine inter-
is subjected to an environment that looks, feelsfaces. CAD tools are available in numerous vari-
and behaves like the real thing. The more advancegties, reflecting different degrees of capabilities,
version of this is the virtual prototype, which allowsfidelity, and cost. The commercial CAD/CAM
the individual to interface with a virtual mockup product, Computer-Aided Three-Dimensional
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Interactive Application (CATIA), was used to previous chapters, and performing the systems
develop the Boeing 777, and is a good example adnalysis and control activities. It provides techni-
current state-of-the-art CAD. cal management support and has a broader
capability than either CAD or CAE. An increas-
Computer-Aided Engineering (CAEXCAE pro- ing variety of CASE tools are available, as
vides automation of requirements and performanceompetition brings more products to market, and
analyses in support of trade studies. It normallymany of these support the commercial “best
would automate technical analyses such as stresSystems Engineering practices.”
thermodynamic, acoustic, vibration, or heat trans-
fer analysis. Additionally, it can provide automatedContinuous Acquisition and Life Cycle Support
processes for functional analyses such as fau{CALS). CALS relates to the application of
isolation and testing, failure mode, and safetycomputerized technology to plan and implement
analyses. CAE can also provide automation of lifesupport functions. The emphasis is on information
cycle-oriented analysis necessary to support theelating to maintenance, supply support, and asso-
design. Maintainability, producibility, human fac- ciated functions. An important aspect of CALS is
tor, logistics support, and value/cost analyses arhe importation of information developed during
available with CAE tools. design 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 and@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 resultthere is current emphasis on development of
machine tools using pre-coded instructions, prostandards for compatible data exchange. Formats
gramming robotic machinery, handling material,of import include: two- and three-dimensional
and ordering replacement parts. The productiomodels (CAD), ASCII formats (Technical Manu-
management aspect of CAM provides managemestls), two-dimensional illustrations (Technical
control over production-relevant data, uses historiManuals), and Engineering Drawing formats (Ras-
cal actual costs to predict cost and plan activitieger, Aperture cards). These formats will be employ-
identifies schedule slips or slack on a daily basised in the Integrated Data Environment (IDE) that
and tracks metrics relative to procurementjs mandated for use in DoD program offices.
inventory, forecasting, scheduling, cost reporting,
support, quality, maintenance, capacity, etc. A comkive Simulation
mon example of a computer-based project plan-
ning and control tool is Manufacturing Resourcelive simulations are simulated operations of real
Planning Il (MRP Il). Some CAM programs can systems using real people in realistic situations.
accept data direct from a CAD program. With thisThe intent is to put the system, including its
type of tool, generally referred to as CAD/CAM, operators, through an operational scenario, where
substantial CAM data is automatically generatedome conditions and environments are mimicked
by importing the CAD data directly into the CAM to provide a realistic operating situation. Examples
software. of live simulations range from fleet exercises to
fire drills.
Computer-Aided Systems Engineering (CASE).
CASE tools provide automated support for theEventually live simulations must be performed to
Systems Engineering and associated processaalidate constructive and virtual simulations. How-
CASE tools can provide automated support forever, live simulations are usually costly, and trade
integrating system engineering activities, performstudies should be performed to support the bal-
ing the systems engineering tasks outlined irance of simulation types chosen for the program.
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13.3 HARDWARE VERSUS SOFTWARE

hardware as well. Figure 13-2 shows the basic

differences between the terms (VV&A).

Though current emphasis is on software M&S, the

decision of whether to use hardware, software, oMore specifically:

a combined approach is dependent on the com-
plexity of the system, the flexibility needed for the
simulation, the level of fidelity required, and the
potential for reuse. Software capabilities are
increasing, making software solutions cost effec-
tive for large complex projects and repeated pro-
cesses. Hardware methods are particularly usefal
for validation of software M&S, simple or one-
time projects, and quick checks on changes of pro-
duction 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). VVE&A is usually identified
with software, but the basic concept applies to

Verification is the process of determining that

a model implementation accurately represents
the developer’s conceptual description and
specifications that the model was designed to.

Validation is the process of determining the
manner and degree to which a model is an ac-
curate representation of the real world from the
perspective of the intended uses of the model,
and of establishing the level of confidence 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
question is acceptable. That organization may
be an operational user, the program office, or a
contractor, depending upon the purposes
intended.

Verification Validation

“It works as |
thought it would.”

Developer

Verification Agent

“It looks just like
the real thing”

Functional Expert

Validation Agent

Accreditation

96 DO

Requester/User

Accreditation Agent

As design matures, re-examine basic assumptions.

Figure 13-2. Verification, 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 M&S, and,
The VV&A process is required for all DoD simu- therefore, it must be proactive, early, continuous,
lations and should be redone whenever existingnd regular. Early planning will help achieve bal-
models and simulations undergo a major upgradance and beneficial reuse and integration. With
or modification. Additionally, whenever the model computer and simulation technologies evolving so
or simulation violates its documented methodol+apidly, planning is a dynamic process. It must be
ogy or inherent boundaries that were used to valia continuing process, and it is important that the
date or verify by its different use, then VV&A must appropriate simulation experts be involved to maxi-
be redone. Accreditation, however, may remaimmize the use of new capabilities. M&S activities
valid for the specific application unless revokedshould be a part of the integrated teaming and in-
by the Accreditation Agent, as long as its use ovolve all responsible organizations. Integrated
what it simulates doesn’t change. teams must develop their M&S plans and insert

them into the overall planning process, including

the TEMP, acquisition strategy, and any other
13.5 CONSIDERATIONS program planning activity.

There are a number of considerations that shoul&S planning should include:
enter into decisions regarding the acquisition and
employment of modeling and simulation in defense  Identification of activities responsible for each
acquisition management. Among these are such VV&A element of each model or simulation,
concerns as cost, fidelity, planning, balance, and and
integration.

» Thorough VV&A estimates, formally agreed to
Cost Versus Fidelity 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 enough. Fidelity needs appropriate for virtual simulations. However, the
can vary throughout the simulation. This variancemanufacturer of a constructive simulation would
should be identified by analysis and planned for.usually be expected to justify or warrantee their
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program’s use for a particular application. Thelntegration
guestion 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 award efits or savings can be gained from increased
synergism and use over time and across activities.
Balance Integration is achieved through reuse 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 spectrumew 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 versus softsimulations, or data for multiple times or applica-
ware, fidelity level, VV&A level, and even use tions over the system life cycle. The planned
versus non-use. Balance should always be baseghgrade of M&S for evolving or parallel uses
on cost effectiveness analysis. Cost effectivenessupports the application of open systems architec-
analyses should be comprehensive; that is, M&3ure to the system design. M&S efforts that are
should be properly considered for use in all paralestablished to perform a specific function by a
lel applications and across the complete life cyclespecific contractor, subcontractor, or government
of the system development and use. activity will tend to be sub-optimized. To achieve

Concept
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Another
System

Functional
Design

Distributed
Framework

~

Requirements

il

Physical and
HW/SW Design

Program
Mgt Another
— System
- Opns, Log e Eng Dev E z
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Figure 13-3. A Robust Integrated Use of Simulation Technology

122



Chapter 13

Modeling and Simulation

integration M&S should be managed at least at th&3.6 SUMMARY

program office level.
The Future Direction

DoD, the Services, and their commands have
strongly endorsed the use of M&S throughout the
acquisition life cycle. The supporting simulation ¢
technology is also evolving as fast as computer
technology changes, providing greater fidelity and
flexibility. As more simulations are interconnected,

the opportunities for further integration expand.s

M&S provides virtual duplication of products
and processes, and represent those products or
processes in readily available and operationally
valid environments.

M&S should be applied throughout the system
life cycle in support of systems engineering
activities.

The three classes of models and simulations are

M&S successes to date also accelerate its use. The virtual, constructive, and live.

current focus is to achieve open systems of simu-

lations, so they can be plug-and-play across the

spectrum of applications. From concept analysis

through disposal analysis, programs may use hun-

dreds of different simulations, simulators ande
model analysis tools. Figure 13-3 shows concep-
tually how an integrated program M&S would
affect the functions of the acquisition process.

A formal DoD initiative, Simulation Based Acqui-
sition (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

Establish confidence in your model or simula-
tion through formal VV&A.

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.

integrated across acquisition phases and programs. An excellent second source is the DSMC pub-

The result will be programs that are much better

lication, Simulation Based Acquisition — A New

integrated in an IPPD sense, and which are much Approach It surveys applications of increas-

more efficient in the use of time and dollars

expended to meet the needs of operational users.
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CHAPTER 14

METRICS

14.1 METRICS IN MANAGEMENT Effectiveness (MOEs) which reflect operational
performance requirements.
Metrics are measurements collected for the pur-
pose of determining project progress and overall he 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 ofiot 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 theveight 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 trackmay be the better choice as a metric. It has a direct
management activities. impact on speed, so it traces to the operational
requirement, but, most importantly, it can be allo-
Measurement, evaluation and control of metrics isated throughout the WBS and progress toward
accomplished through a system of periodic reportachieving weight goals may then be tracked
ing must be planned, established, and monitorethrough development to production.

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 peebjectives, 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.Pperational 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 would con-
system engineering process because they directpjder environmental factors such as operator orga-
support traceability of operational needs to thenization, doctrine, and tactics; survivability; vul-
design effort. TPMs are derived from Measures ofierability; and threat characteristics. MOSs, on
Performance (MOPs) which reflect system requirethe other hand, would measure the extent to which
ments. MOPs are derived from Measures ofhe system integrates well into the operation
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environment and would consider such issues abe required performance, but it may not be useful
supportability, human interface compatibility, andas an early warning device to indicate progress

maintainability. toward meeting the design goal. A more detailed
discussion of TPMs is available as Supplement A
Measures of Performance to this chapter.

MOPs characterize physical or functional attribute€Example of Measures
relating to the execution of the mission or func-
tion. They quantify a technical or performanceMOE: The vehicle must be able to drive fully
requirement directly derived from MOEs andloaded from Washington, DC, to Tampa on one
MOSs. MOPs should relate to these measures sutdnk of fuel.
that a change in MOP can be related to a change in
MOE or MOS. MOPs should also reflect key per-MOP: Vehicle range must be equal to or greater
formance requirements in the system specificatiorthan 1,000 miles.
MOPs are used to derive, develop, support, and
document the performance requirements that willTPM: Fuel consumption, vehicle weight, tank size,
be the basis for design activities and procesdrag, power train friction, etc.
development. They also identify the critical tech-
nical parameters that will be tracked throughSuitability Metrics
TPMs.
Tracking metrics relating to operational suitabil-
Technical Performance Measurements ity and other life cycle concerns may be appropri-
ate to monitor progress toward an integrated design.
TPMs are derived directly from MOPs, and areOperational suitability is the degree to which a
selected as being critical from a periodic reviewsystem can be placed satisfactorily in field use
and control standpoint. TPMs help assess desigtonsidering availability, compatibility, transport-
progress, assess compliance to requirementbility, interoperability, reliability, usage rates,
throughout the WBS, and assist in monitoring andnaintainability, safety, human factors, documen-
tracking technical risk. They can identify the needation, training, manpower, supportability, logis-
for deficiency recovery, and provide information tics, and environmental impacts. These suitability
to support cost-performance sensitivity assesparameters can generate product metrics that
ments. TPMs can include range, accuracy, weighindicate progress toward an operationally suitable
size, availability, power output, power required,system. For example, factors that indicate the
process time, and other product characteristickevel of automation in the design would reflect
that relate directly to the system operationalprogress toard achieving manpower quantity and
requirements. guality requirements. TPMs and suitability prod-
uct metrics commonly overlap. For example, Mean
TPMs traceable to WBS elements are preferredlime Between Failure (MBTF) can reflect both
so elements within the system can be monitoreéffectiveness or suitability requirements.
as well as the system as a whole. However, some
necessary TPMs will be limited to the system orSuitability metrics would also include measure-
subsystem level. For example, the specific fuements that indicate improvement in the produci-
consumption of an engine would be a TPM necesbility, testability, degree of design simplicity, and
sary to track during the engine development, but itlesign robustness. For example, tracking number
is not allocated throughout the WBS. It is reportedf parts, number of like parts, and number of wear-
as a single data item reflecting the performance dhg parts provides indicators of producibility,
the engine as a whole. In this case the metric willnaintainability, and design simplicity.
indicate that the design approach is consistent with
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Product Affordability Metrics DoD and Industry Policy on Product Metrics

Estimated unit production cost can be trackeddnalysis and control activities shall include
during the design effort in a manner similar to theperformance metrics to measure technical
TPM approach, with each Cl element reporting ardevelopment and design, actual versus planned;
estimate based on current design. These estimatasd to measure [the extent to which systems meet
are combined at higher WBS levels to providerequirements]DoD 5000.2-R.
subsystem and system cost estimates. This provides
a running engineering estimate of unit productioriThe performing activity establishes and imple-
cost, tracking of conformance to Design-to-Costments TPM to evaluate the adequacy of evolving
(DTC) goals, and a method to isolate desigrsolutions to identify deficiencies impacting the
problems relating to production costs. ability of the system to satisfy a designated value
for a technical parameteEIA 1S-632, Section 3.
Life cycle affordability can be tracked through
factors that are significant in parametric life cycleThe performing activity identifies the technical
cost calculations for the particular system. Folperformance measures which are key indicators
example, two factors that reflect life cycle cost forof system performance...should be limited to
most transport systems are fuel consumption angkitical MOPs which, if not met put the project at
weight, both of which can be tracked as metrics.cost, schedule, or performance ri$EEE 1220,
Section 6.
Timing

Product metrics are tied directly to the design pro14.2 EARNED VALUE
cess. Planning for metric identification, reporting,

and analysis is begun with initial planning in thegarned Value is a metric reporting system that uses
concept exploration phase. The earliest systemgpst-performance metrics to track the cost and
engineering planning should define the manageschedule progress of system development against
ment approach, identify performance or characa projected baseline. It is a “big picture” approach
teristics to be measured and tracked, forecast valugsd integrates concerns related to performance,
for those performances or characteristics, detetost, and schedule. Referring to Figure 14-1, if we
mine when assessments will be done, and establighink of the line labeled BCWP (budgeted cost of
the objectives of assessment. work performed) as the value that the contractor
has “earned,” then deviations from this baseline
Implementation is begun with the development ofndicate problems in either cost or schedule. For
the functional baseline. During this period, sys-example, if actual costs vary from budgeted costs,
tems engineering planning will identify critical we have a cost variance; if work performed varies
technical parameters, time phase planned profilegom work planned, we have a schedule variance.
with tolerance bands and thresholds, reviews othe projected performance is based on estimates
audits or events dependent or critical for achieveof appropriate cost and schedule to perform the
ment of planned prOﬁleS, and the method of eStiwork required by each WBS element. When a vari-
mation. During the design effort, from functional ance occurs the system engineer can pmpothBS
to product baseline, the plan will be implementedelements that have potential technical development
and continually updated by the systems engineegroblems. Combined with product metrics, earned
ing process. To support implementation, contractgalue is a powerful technical management tool

should include provision for contractors to providefor detecting and understanding development
measurement, analysis, and reporting. The neggtoblems.

to track product metrics ends in the production
phase, usually concurrent with the establishmengelationships exist between product metrics, the
of the product (as built) baseline. event schedule, the calendar schedule, and Earned
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Figure 14-1. Earned Value Concept
Value: Examples of these factors are: number of trained

personnel onboard, average time to approve/dis-
« The Event Schedule includes tasks for eaclapprove ECPs, lines of code or drawings released,
event/exit criteria that must be performed toECPs resolved per month, and team risk identifi-
meet key system requirements, which arecation or feedback assessments. Selection of ap-
directly related to product metrics. propriate metrics should be done to track key man-
agement activities. Selection of these metrics is
+ The Calendar (Detail) Schedule includes timepart of the systems engineering planning process.
frames established to meet those same product
metric-related objectives (schedules). How Much Metrics?

+ Earned Value includes cost/schedule impactd he choice of the amount and depth of metrics is a
of not meeting those objectives, and, wherplanning function that seeks a balance between risk
correlated with product metrics, can identify and cost. It depends on many considerations, in-

emerging program and technical risk. cluding system complexity, organizational com-
plexity, reporting frequency, how many contrac-

tors, program office size and make up, contractor
14.3 PROCESS METRICS past performance, political visibility, and contract
type.
Management process metrics are measurements
taken to track the process of developing, building,
and introducing the system. They include a widet4-4 SUMMARY POINTS

range of potential factors and selection is pro- _ o _
gram unique. They measure such factors at Management of technical activities requires use

availability ofresources, activity time rates, items of three basic types of metrics: product metrics

completed, completion rates, and customer or team that track the development of the product,
satisfaction. earned value which tracks conformance to the
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planned schedule and cost, and management TPMs are performance based product metrics
process metrics that track management activi- that track progress through measurement of key
ties. technical parameters. They are important to the
systems engineering process because they con-
» Measurement, evaluation and control of metrics nect operational requirements to measurable
is accomplished through a system of periodic design characteristics and help assess how well
reporting that must be planned, established, and the effort is meeting those requirements. TPMs
monitored to assure metrics are measured are required for all programs covered by DoD
properly, evaluated, and the resulting data 5000.2-R.
disseminated.
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SUPPLEMENT 14-A

TECHNICAL PERFORMANCE
MEASUREMENT

Technical Performance Measurement (TPM) is aif PMs generally take the form of both graphic dis-
analysis and control technique that is used to: (Iplays and narrative explanations. The graphic, an
project the probable performance of a selecteéxample of which is shown in Figure 14-2, shows
technical parameter over a period of time, (2the projected behavior of the selected parameter
record the actual performance observed of thas a function of time, and further shows actual ob-
selected parameter, and (3) through comparisoservations, so that deviations from the planned pro-
of actual versus projected performance, assist thiéde can be assessed. The narrative portion of the
manager in decision making. A well thought outreport should explain the graphic, addressing the
program of technical performance measures praeasons for deviations from the planned profile,
vides an early warning of technical problems andassessing the seriousness of those deviations, ex-
supports assessments of the extent to whicplaining actions underway to correct the situation
operational requirements will be met, as well asf required, and projecting future performance,
assessments of the impacts of proposed changgiven the current situation.

in system performance.

Planned
Profile

Tolerance
Band

"
.

15 4
Achieved
Technical To Date
Parameter Varia
Value 10 47" ---- 7. ariation
""" o0 0 © /
e.g., Weight - ] Threshold
5
Goal
‘ ‘ Milestones ‘ | | | | | ‘

TIME

Figure 14-2. Technical Performance Measurement — The Concept
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Parameters to be tracked are typically based oassociated with formal testing, although the TPM
the combined needs of the government and thprogram will not normally be limited just to those
contractor. The government program office will parameters identified as critical for test purposes.
need a set of TPMs which provide visibility into
the technical performance of key elements of th&overnment review and follow up of TPMs are
WBS, especially those which are cost drivers orappropriate on a periodic basis when submitted by
the program, lie on the critical path, or whichthe contractor, and at other major technical events
represent high risk items. such as at technical reviews, test events, and
program management reviews.
The TPMs selected for delivery to the government
are expected to be traceable to the needs of thWhile TPMs are expected to be traceable to the
operational user. The contractor will generally trackneeds of the user, they must be concrete technical
more items than are reported to the governmenparameters that can be projected and tracked. For
as the contractor needs information at a morexample, an operational user may have a require-
detailed level than does the government prograrment for survivability under combat conditions.
office. Survivability is not, in and of itself, a measurable
parameter, but there are important technical para-
TPM reporting to the government is a contractuameters that determine survivability, such as radar
issue, and those TPMs on which the governmertdross section (RCS) and speed. Therefore, the tech-
receives reports are defined as contract deliverablescal manager might select and track RCS and
in the contract data requirements list. Which paraspeed as elements for TPM reporting. The deci-
meters are selected for reporting depends on a nursion on selection of parameters for TPM tracking
ber of issues, among which are resources to pumust also take into consideration the extent to
chase TPMs, the availability of people to reviewwhich the parameter behavior can be projected
and follow the items, the complexity of the sys-(profiled over a time period) and whether or not it
tem involved, the phase of development, and thean actually be measured. If the parameter cannot
contractor’s past experience with similar systemsbe profiled, measured, or is not critical to program
success, then the government, in general, should
A typical TPM graphic will take a form somewhat not select it for TPM tracking. The WBS structure
like that previously shown. The actual form of themakes an excellent starting point for consideration
projected performance profile and whether or nobf parameters for TPM tracking (see Figure 14-3).
tolerance bands are employed will be a function
of the parameter selected and the needs of the prA-substantial effort has taken place in recent years
gram office. to link TPMs with Earned Value Managementin a
way that would result in earned value calculations
Another important consideration is the relation-that reflect the risks associated with achieving tech-
ship between the TPM program and risk managenical performance. The approach used establishes
ment. Generally, the parameters selected for traclstatistical probability of achieving a projected level
ing should be related to the risk areas on the praf performance on the TPM profile based on a
gram. If a particular element of the design has beestatistical analysis of actual versus planned per-
identified as a risk area, then parameters shoulfibrmance.
be selected which will enable the manager to track
progress in that area. For example, if achieving a
required aircraft range is considered to be criticaln summary, TPMs are an important tool in the
and a risk area, then tracking parameters that prgrogram manager’s systems analysis and control
vide insight into range would be selected, such amolkit. They provide an early warning about de-
aircraft weight, specific fuel consumption, drag, viations in key technical parameters, which, if not
etc. Furthermore, there should be consistency be&ontrolled, can impact system success in meeting
tween TPMs and the Critical Technical Parametersiser needs. TPMs should be an integral part of both
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Figure 14-3. Shipboard Fire Control System (Partial)

periodic program reporting and management folanager, whether technically grounded or not, can
low-up, as well as elements for discussion in techmake perceptive judgments about system techni-
nical reviews and program management reviewscal performance and can follow up on contractor
By thoughtful use of a good program of TPM, theplans and progress when deviations occur.

Current estimate

Relevant Terms

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

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 demonstration.
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RISK MANAGEMENT

15.1 RISK AS REALITY whether if it is written down, or whether you
understand it. Risk does not change because you
Risk is inherent in all activities. It is a normal con-hope it will, you ignore it, or your boss’s expecta-
dition of existence. Risk is the potential for a negations do not reflect it. Nor will it change just
tive future reality that may or may not happen. Riskbecause it is contrary to policy, procedure, or
is defined by two characteristics of a possible negaegulation. Risk is neither good nor bad. It is just
tive future event: probability of occurrence how things are. Progress and opportunity are
(whether something will happen), and conse-companions of risk. In order to make progress, risks
guences of occurrence (how catastrophic if it hapmust be understood, managed, and reduced to
pens). If the probability of occurrence is not knownacceptable levels.
then one hasncertainty and the risk is undefined.
Types of Risk in a
Risk is not a problem. It is an understanding of thesystems Engineering Environment
level of threat due tpotentialproblems. A prob-
lem is a consequence that has already occurred.Systems engineering management related risks
could be related to the system products or to the
In fact, knowledge of a risk is an opportunity to process of developing the system. Figure 15-1
avoid a problem. Risk occurs whether there is ashows the decomposition of system development
attempt to manage it or not. Risk exists whetherisks.
you acknowledge it, whether you believe it,

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 the system development generallgandling of risk. It is a process, not a series of
are traceable to achieving life cycle customervents. Risk management depends on risk man-
requirements. Product risks include both end prodagement planning, early identification and analy-
uct risks that relate to the basic performance anslis of risks, continuous risk tracking and reassess-
cost of the system, and to enabling products thahent, early implementation of corrective actions,
relate to the products that produce, maintaincommunication, documentation, and coordination.
support, test, train, and dispose of the system. Though there are many ways to structure risk man-
agement, this book will structure it as having four
Risks relating to the management of the developparts: Planning, Assessment, Handling, and Moni-
ment effort can be technical management risk otoring. As depicted in Figure 15-2 all of the parts
risk caused by external influences. Risks dealingre interlocked to demonstrate that after initial
with the internal technical management includeplanning the parts begin to be dependent on each
those associated with schedules, resources, wodther. Illustrating this, Figure 15-3 shows the key
flow, on time deliverables, availability of appro- control and feedback relationships in the process.
priate personnel, potential bottlenecks, critical path
operations and the like. Risks dealing with exterRisk Planning
nal influences include resource availability, higher
authority delegation, level of program visibility, Risk Planning is the continuing process of devel-
regulatory requirements, and the like. oping an organized, comprehensive approach to
risk management. The initial planning includes
establishing a strategy; establishing goals and
15.2 RISK MANAGEMENT objectives; planning assessment, handling, and
monitoring activities; identifying resources, tasks,
Risk management is an organized method for iderand responsibilities; organizing and training risk
tifying and measuring risk and for selecting, management IPT members; establishing a method
developing, and implementing options for theto track risk items; and establishing a method to

Plan
(What, when,

Assess
(Identify and
analyze)

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
Feedback for Handle Monitor/
Planning Report
Adjustment *
Continuous Handling
Feedback for
Reassessment Risk
Change \ 4
< Monitoring/
Continuous Reporting
Feedback for
Management

Figure 15-3. Risk Management Control and Feedback

document and disseminate information on ahange. Judgment of the risk impact and the
continuous basis. method of handling the risk must be reassessed

and potentially altered as events unfold. Since these
In a systems engineering environment risk planevents are continually changing, the planning
ning should be: process is a continuous one.

* Inherent (imbedded) in systems engineeringRisk Assessment
planning and other related planning, such as
producibility, supportability, and configuration Risk assessment consistsidéntifyingandana-
management; lyzing the risks associated with the life cycle of
the system.
+ A documented, continuous effort;
Risk Identification Activities
* Integrated among all activities;
Risk identification activities establish what risks
* Integrated with other planning, such as systemare of concern. These activities include:
engineering planning, supportability analysis,
production planning, configuration and datae Identifying risk/uncertainty sources and drivers,
management, etc.;
» Transforming uncertainty into risk,
* Integrated with previous and future phases; and
* Quantifying risk,

Selective for each Configuration Baseline.
» Establishing probability, and
Risk is altered by time. As we try to control or
alter risk, its probability and/or consequence wille  Establishing the priority of risk items.
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As shown by Figure 15-4 the initial identification On such a graph risk increases on the diagonal and
process starts with an identification of potentialprovides a method for assessing relative risk. Once
risk items in each of the four risk areas. Risks rethe relative risk is known, a priority list can be
lated to the system performance and supportingstablished and risk analysis can begin.
products are generally organized by WBS and ini-
tially determined by expert assessment of teamRisk identification efforts can also include activi-
and individuals in the development enterpriseties that help define the probability or consequences
These risks tend to be those that require follow-upf a risk item, such as:
guantitative assessment. Internal process and ex-
ternal influence risks are also determined by exs Testing and analyzing uncertainty away,
pert assessment within the enterprise, as well as
through the use of risk area templates similar te Testing to understand probability and conse-
those found in DoD 4245.7-M. The DoD 4245.7- quences, and
M templates describe the risk areas associated with
system acquisition management processes, and Activities that quantify risk where the qualita-
provide methods for reducing traditional risks in  tive nature of high, moderate, low estimates are
each area. These templates should be tailored for insufficient for adequate understanding.
specific program use based 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 Figprocess by refining the description of identified
ure 15-5. Each item is associated with a block imisk event through isolation of the cause of risk,
the matrix to establish relative risk among themdetermination of the full impact of risk, and the

Identify and List All Risks

¢ Product

* Supporting products

¢ Internal management processes
¢ 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>»®WO0X T

g
Low P Hi
Consequence

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

e 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 Moderate 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 and choose of alternative courses of How does it affect the overall situation?
action. They are used to determine what risk should
be tracked, what data is used to track risk, and what Development of a watch list (prioritized list of
methods are used to handle the risk. risk items that demand constant attention by
management) and a set of metrics to determine
Risk analysis explores the options, opportunities, if risks are steady, increasing, or decreasing.
and alternatives associated with the risk. It ad-
dresses the questions of how many legitimate ways Development of a feedback system to track
the risk could be dealt with and the best way to do metrics and other risk management data.
so0. It examines sensitivity, and risk interrelation-
ships by analyzing impacts and sensitivity ofe Development of quantified risk assessment.
related risks and performance variation. It further
analyzes the impact of potential and accomplishedQuantified risk assessment is a formal quantifica-
external and internal changes. tion of probabilities of occurrence and conse-
guences using a top-down structured process
Risk analysis activities that help define the scopdollowing the WBS. For each element, risks are
and sensitivity of the risk item include finding assessed through analysis, simulation and test to
answers to the following questions: determine statistical probability and specific
conditions caused by the occurrence of the
» |If something changes, will risk change faster,consequence.
slower, or at the same pace?
Cautions in Risk Assessments
« If a given risk item occurs, what collateral

effects happen? Reliance solely on numerical values from simula-
tions and analysis should be avoided. Do not lose
» How does it affect other risks? sight of the actual source and consequences of the

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 dissociate the design
as ‘risk index” or “risk scales,” even when based from high-risk components that can be devel-
on expert opinion, as quantified data. They are oped separately,
important information, but they are largely sub-
jective and relative; they do not necessarily define Technology maturation that allows high-risk
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 mock-ups, 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 acceptance of the 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 assumed 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 assure accepted risks are main-
tained at acceptance level). The basic objective of
Control risk management in systems engineering is to
Control is the deliberate use of the design proces®gduce 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 pro-
techniques are plentiful and include: vide reserve. By identifying a risk as acceptable,
the worst-case outcome is being declared accept-
» Multiple concurrent design to provide more able. Accordingly, the level of risk considered
than one design path to a solution, 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 this ining and evaluating the risk management process

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

» Assignment to hardware (versus software) otial developing risks. (The metrics, watch lists, and

vice versa; and feedback system are developed and maintained as

an assessment activity.) The output of this process

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

formance based on risk factors. 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 whepecial 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 is

can transfer risk from the government to contraca technology in itself! Technology integration dur-

tor, program office to agency, and vice versa. Typiing design may be a high-risk item. It is not nor-

cal methods include insurance, warranties, anthally assessed or analyzed as a separately identi-

incentive clauses. Risk is never truly transferredfied risk item. If integration risks are not properly

If the risk isn’t mitigated by the delegated activity identified during development of the functional

it still affects your project or program. baseline, they will demonstrate themselves as
serious problems in the development of the product

Key areas to review before using transfer are:  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
ranty action coordinated with operators and requirements and its translation into source
maintainers? instructions,

» 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
centives be “gamed?” constraints, 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 atten-
tion tothe 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.
e 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 inherentin all activities. or high depending on consequences and
probability of occurrence. Risk classification
» Riskis composed of knowledge of two charac- should 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 15-A

RISK MANAGEMENT
IN DOD ACQUISITION

Policy Factoring Risk Management into the Process

DoD policy is quite clear in regard to risk Risk management, as an integral part of the over-
management: it must be done. all program planning and management process, is
enhanced by applying a controlled, consistent,
The PM shall identify the risk areas in the pro-approach to systems engineering and using inte-
gram and integrate risk management within overaligrated teams for both product development and
program managemen{oD 5000.2-R.) management control. Programs should be transi-
tioned to the next phase only if risk is at the appro-
In addition, DoDD 5000.4 identifies risk and costpriate level. Know the risk drivers behind the esti-
analysis as a responsibility of the program managemates. By its nature there are always subjective
aspects to assessing and analyzing risk at the sys-
Risk Management View tem level, even though they tend to be represented
as quantitative and/or analytically objective.
A DSMC study indicates that major programs
which declared moderate risk at Milestone B havéRisk and Phases
been more successful in terms of meeting cost and
schedule goals than those which declared low risRisk management begins in the Concept and Tech-
(DSMC TR 2-95). This strongly implies that pro- nology Development phase. During Concept Ex-
gram offices that understand and respect risk mamploration initial system level risk assessments are
agement will be more successful. For this reasommade. Unknown-unknowns, uncertainty, and some
the program office needs to adopt a systems-levéligh-risk elements are normal and expected. When
view of risk. The systems engineer provides thisubstantial technical risk exists, the Component
view. Systems Engineering is the cornerstone oAdvanced Development stage is appropriate, and
program office risk management program becausis included in the life-cycle process specifically as
it is the connection to realistic assessment of prodan opportunity to address and reduce risks to a level
uct maturity and development, and the product isthat are consistent with movement into systems
in the final analysis, what system acquisition isacquisition.
really about.
The S&T community has a number of vehicles
However, the program office has external risks tavailable that are appropriate for examining tech-
deal with as well as the internal risks prevalent imology in application and for undertaking risk
the development process. The Systems Engineeeduction activities. These include Advanced
has to provide the program manager internal riskechnology Demonstrations, Advanced Concept
data in a manner that aids the handling of th@echnology Demonstrations, as well as Joint
external risks. In short, the systems engineer mus¥arfighting Experiments. The focus of the activi-
present bad news such that it is reasonable artigs undertaken during these risk reduction stages
compelling to higher levels of authority. Seeinclude:
Chapter 20 for further discussion on this topic.
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» Testing, analyzing, or mitigating system andhistory indicates that the results will eventually
subsystem uncertainty and high risk out of theshow the fallacy of speed over common sense. And
program. to fix the problem in later stages of development—

or even after deployment—can be hugely expen-

» Demonstrating technology sufficient to uncoversive in terms of both monetary cost and human
system and subsystem unknown-unknowndgves.

(especially for integration).
The prevailing presumption at Milestone B is that

« Planning for risk management during thethe system is ready for engineering development.
transition to and continuation of systems ac-After this, the acquisition community generally
quisition during the System Development andassumes that risk is moderate to low, that the tech-
Demonstration phase, especially handling anahology is “available.” There is evidence to support
tracking of moderate risk. the assertion that programs often progress into

engineering development with risks that actually

System Development and Demonstration requiresequire substantial exploratory and applied re-

the application of product and manufacturingsearch and development to bring them to the mod-

engineering, which can be disrupted if the techerate levels of risk or lower. One approach that has
nology development is not sufficient to supportproven successful in making objective risk assess-
engineering development. Risk management iments is the use of independent evaluation teams.

during this phase emphasizes: Groups that have no pre-determined interest to
protect or axe to grind are often capable of provid-
» Reduction and control of moderate risks, ing excellent advice regarding the extent to which

a system is ready to proceed to the next level of

 Allrisks under management including emergingdevelopment and subsequent phases.
ones, and

Risk Classification on the

* Maintenance of risk levels and reaction toSystem (Program) Level
problems.

Classification definitions should be established
Objective Assessment of Technology early and remain consistent throughout the pro-

gram. The program office should assess the risks
The revised acquisition process has been delibeof achieving performance, schedule, and cost in
ately structured to encourage and allow programslear and accurate terms of both probability and
to progress through appropriate risk reductiorconsequence. Where there is disagreement about
stages and phases, based on an objective assebe risk, assessment efforts should be immediately
ment of the maturity levels associated with thdancreased. Confusion over risk is the worst pro-
products and systems under development. It igram risk, because it puts in doubt the validity of
therefore, particularly important that programthe risk management process, and therefore,
managers and their staffs ensure that the decisiomghether program reality is truly understood.
made regarding recommendations to proceed, and
the paths to be taken, be based on as impatrtial afithe system level risk assessment requires integra-
objective opinions as possible. The temptation ision and interpretation of the quantified risk
always to move ahead and not to delay to improvassessment of the parts. This requires reasonable
the robustness of a given product or system. Whejudgement. Because integration increases the po-
systems are hurried into engineering developmertential for risk, it is reasonable to assume overall
and production, in spite of the fact that the underrisk is not better than the sum of objective data for
lying technologies require further development.the parts.
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Reality Versus Expectations Formal systems engineering with risk management
incorporated can provide the verifiable informa-
Program managers are burdened with the expecttien. However, the systems engineer also has the
tions of superiors and others that have control ovenresponsibility to adequately explain probability and
the program office’s environment. Pressure to aceonsequences such that the program manager can
commodate these expectations is high. If the sysaccept the reality of the risk and override higher
tems engineer cannot communicate the reality devel expectations.
risk in terms that are understandable, acceptable,
or sufficiently verifiable to management, then thesdJncertainty is a special case, and very dangerous
pressures may override vertical communication ofn an atmosphere of high level expectations. Pre-
actual risk. sentation of uncertainty issues should strongly em-
phasize consequences, show probability trends, and
develop “most likely” alternatives for probability.
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SUPPLEMENT 15-B

MODEL FOR
SYSTEM LEVEL
RISK ASSESSMENT

The following may be used to assist in making preliminary judgments regarding risk classifications:

Low Risk

Moderate Risk

High Risk

Consequences

Insignificant cost,
schedule, or technical
impact

Affects program
objectives, cost, or
schedule; however
cost, schedule,
performance are
achievable

Significant impact,

requiring reserve
alternate courses ¢
action to recover

or

—

Probability of

Little or no estimated

Probability sufficient

y

High likelihood of

demonstrated
previously

tests in relevant
environments require

d

results

order to achieve
required/desired

Occurrence likelihood high to be of concern occurrence

to management
Extent of Full-scale, integrated Has been demonstrated  Significant design
Demonstration technology has been but design changes changes required in

Existence of
Capability

Capability exists in
known products;
requires integration
into new system

Capability exists, but
not at performance
levels required for
new system

Capability does ng
currently exist

—

Also see Technology Readiness Levels matrix in Chapter 2
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CHAPTER 16

SYSTEMS ENGINEERING
PLANNING

16.1 WHY ENGINEERING PLANS? Technical/Systems Engineering Planning

Systems engineering planning is an activity thaffechnical 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 theo a broad, integrated program management plan.
acquisition objectives. Management uses itto: 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 de-
cision 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 the sysdocumentation.
tem. 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 technicat An introduction that states the purpose of the
management approaches for subsequent phases ofengineering effort and a description of the
the life cycle. In DoD it is an exercise done on a system being developed,
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 strategy,» Be stated simply to avoid misinterpretation, and

 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
Scope:The scope of the plan should providethe development process with the acquisition or
information concerning what part of the big pic- contract management process. It should include:
ture the plan covers. For example, if the plan were
a DoD program office plan, it would emphasizes Development phasing and associated baselining,
control of the higher-level requirements, the system
definition (functional baseline), and all activities ¢« Key engineering milestones to support risk
necessary for system development. On the other management and business management mile-
hand, a contractor’s plan would emphasize control stones,
of lower-level requirements, preliminary and detail
designs (allocated and product baselines), and Associated parallel developments or product
activities required and limited by the contractual improvement considerations, and
agreement.
» Other management generated constraints or
Description: The description of the system should:  high-visibility activities that could affect the
engineering development.
» Be limited to an executive summary describing
those features that make the system unique, Phasing and MilestonesThe development
phasing and baseline section should describe the
* Include a general discussion of the system'approach to phasing the engineering effort,
operational functions, and including tailoring of the basic process described
in this book and a rationale for the tailoring. The
» Answer the question “What is it and what will key milestones should be in general keeping with
it do?” the technical review process, but tailored as
appropriate to support business management mile
Focus: A guiding focus for the effort should be stones and the project/program’s development
provided to clarify the management vision for thephasing. Strategy considerations should also in-
development approach. For example, the focus magiude discussion of how design and verification
be lowest cost to obtain threshold requirementswill phase into production and fielding. This area
superior performance within budget, superior stan-should identify how production will be phased-in
dardization for reduced logistics, maximum use ofincluding use of limited-rate initial production and
the open systems approach to reduce,aosthe  long lead-time purchases), and that initial support
like. A focus statement should: considerations require significant coordination
between the user and acquisition community.
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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 ability
identified and the relationship between the effortdo support the management strategy. Examples
explained. Any product improvement strategieswould include:
should also be identified. Considerations such as
evolutionary development and preplanned product Need to combine developmental phases to
improvement should be described in sufficient accommodate management driven schedule or
detail to show how they would phase into the resource limitations,
overall effort.

» Risk associated with a tight schedule or limited
Impacts on Strategy budget,

All conditions or constraints that impact the strat-- Contractual approach that increases technical
egy should be identified and the impact assessed. 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), and use of M&S, open systems, IPPD, and others—
should not be included as a strategy issue unless
» Any business management directed constrainthey impact the overall systems engineering strat-
or activity that will have a significant influence egy to meet management expectations. The strat-
on the strategy. egy discussion should lay out the plan, how it
dovetails with the management strategy, and how
Critical Technologies:Discussion of critical management directives impact it.
technology should include:
Systems Engineering Processes
» Risk associated with critical technology
development and its impact on the strategy, This area of the planning should focus on how the
system engineering processes will be designed to
» Relationship to baseline development, and  support the strategy. It should include:

» Potential impact on the overall developments Specific methods and techniques used to

effort. perform the steps and loops of the systems en-
gineering process,

Cost As an Independent VariableStrategy con-

siderations should include discussion of how Specific system analysis and control tools and

CAIV will be implemented, and how it will impact how they will be used to support step and loop

the strategy. It should discuss how unit cost, de- activities, and

velopment cost, life cycle cost, total ownership

cost, and their interrelationships apply to the syss Special design considerations that must be

tem development. This area should focus on how integrated into the engineering effort.

these costs will be balanced, how they will be con-

trolled, and what impact they have on the strateg$teps and LoopsThe discussion of how the

and design approach. systems engineering process will be done should

show the specific procedures and products that will
Management Issuesdvlanagement issues that poseensure:
special concerns for the development strategy
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» Requirements are understood prior to the flowthe overall requirements analysis process and
down and allocation of requirements, procedures.

» Functional descriptions are established befordnalysis and Control:Planning should identify
designs are formulated, those analysis tools that will be used to evaluate
alternative approaches, analyze or assess effective-
» Designs are formulated that are traceable toess, and provide a rigorous quantitative basis for
requirements, selecting performance, functional, and design
requirements. These processes can include trade
» Methods exist to reconsider previous steps, anstudies, market surveys, M&S, effectiveness analy-
ses, design analyses, QFD, design of experiments,
» \Verification processes are in place to ensure thatnd others.
design solutions meet needs and requirements.
Planning must identify the method by which
This planning area should address each step amdntrol and feedback will be established and main-
loop for each development phase, include identitained. The key to control is performance-based
fication of the step-specific tools (Functional Flow measurement guided by an event-based schedule.
Block Diagrams, Timeline Analysis, etc.) that will Entrance and exit criteria for the event-driven
be used, and establish the verification approachmilestones should be established sufficient to
The verification discussion should identify all demonstrate proper development progress has been
verification activities, the relationship to formal completed. Event-based schedules and exit crite-
developmental T&E activities, and independentria are further discussed later in this chapter.
testing activities (such as operational testing). Methods to maintain feedback and control are
developed to monitor progress toward meeting the
Norms of the particular technical area and theexit criteria. Common methods were discussed
engineering processes of the command, agency, earlier in this book in the chapters on metrics, risk
company doing the tasks will greatly influence thismanagement, configuration management, and
area of planning. However, whatever proceduregechnical reviews.
techniques, and analysis products or models used,
they should be compatible with the basic principleesign Considerationdn every system develop-
of systems engineering management as describedent there are usually technical activities that
earlier in this book. require special attention. These may come from
management concerns, legal or regulatory direc-
An example of the type of issue this area wouldives, social issues, or organizational initiatives. For
address is the requirements analysis during thexample, a DoD program office will have to con-
system definition phase. Requirements analysis i®orm to DoDD 5000.2-R, which lists several tech-
more critical and a more central focus during syshical activities that must be incorporated into the
tem definition than in later phases. The establishdevelopment effort. DoD plans should specifically
ment of the correct set of customer requirementaddress each issue presented in the Program Design
at the beginning of the development effort issection of DoD 5000.2-R.
essential to proper development. Accordingly, the
system definition phase requirements analysit the case of a contractor there may be issues de-
demands tight control and an early review to verifyineated in the contract, promised in the proposal,
the requirements are established well enough tor established by management that the technical
begin the design effort. This process of control an@ffort must address. The system engineering plan-
verification necessary for the system definitionning must describe how each of these issues will
phase should be specifically described as part dfe integrated into the development effort.
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Organization .

Systems engineering management planning should
identify the basic structure that will develop the
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 sys-
tem. 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. Roles, authority, ande
basic responsibilities of the system-level design
team should be specifically described. Establish-
ing the design organization should be one of the
initial tasks of the system-level design team. Theis
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 techni-
cal development. The funds required should be

Financial plan assures resources match the
needs in the tech plan. Conflicts should be
identified early and resolved.

Test and Evaluation Master Plan (TEMP) as-
sures 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 assures that the
development process will maintain the system
baselines and control changes to them.

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

Integrated logistics support planning and sup-
port analysis coordinates total system support.

Production/Manufacturing plan to coordinate
activities concerning design producibility, and

matrixed against a calendar schedule based on the follow-on production,

event-based schedule and the strategy. This should

establish the basic development timeline with an

associated high-level estimated spending profile.

Shortfalls in funding or schedule should be ad-

dressed and resolved by increasing funds, extend-
ing schedule, or reducing requirements prior to the
plan preparation. Remember that future analysis
of development progress by management 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
these:

» Acquisition Strategy assures that technical plans
take into account decisions reflected in the Ac-
quisition Strategy. Conflicts must be identified
early and resolved.
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Quality management planning assures that
guality engineering activities and quality man-

agement functions are included in system
engineering planning,

Risk management planning establishes and
coordinates technical risk management to
support total program risk management.

Interoperability planning assures interopera-
bility suitability issues are coordinated with sys-
tem engineering planning. (Where interop-
erability is an especially critical requirement
such as, communication or information systems,
it should be addressed as a separate issue with
separate integrated teams, monitoring, and
controls).

Others such as M&S plan, software develop-
ment plan, human integration plan, environ-
ment, safety and health planning, also interface.
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Things to Watch .

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 16-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) plan pri- focused on the completion of events that support
marily 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 relate®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 entry andand associated success criteria specifically identi-
exit criteria for each event. Example exit criteriafied 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

System Requirements Review/Software Spec Preliminary Design
Review (SRR) Review(SFR/SSR) Review (PDR)
« Mission Analysis completed « Installed environments defined « Design analyses/definition
* Support Strategy defined * Maintenance concept defined completed
 System options decisions * Preliminary design criteria ' Materl|at|/%arts characterization
completed established compliete
« Design usage defined  Preliminary design margins * Design maintainability a_naly3|s
: completed/support requirements
. established !
* Operational performance defined
requirement defined * Interfaces defined/preliminary

¢ Preliminary production plan

interface specs completed
P P completed

* Manpower sensitivities
completed  Software and software support

requirements completed » Make/buy decisions finalized

« Operational architecture
available and reviewed » Baseline support/resources
requirements defined

« Breadboard investigations
completed

« Support equipment capability * Coupon testing completed
defined « Design margins completed

« Technical architecture prepared  Preliminary FMECA completed

» System defined and requirements | « Software functions and architec-
shown to be achievable ture and support defined

¢ Maintenance tasks trade studies
completed

« Support equipment development
specs completed

Figure 16-1. Sample Event-Based Schedule Exit Criteria
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Critical Design Review
Test Readiness Review
(CDR/TRR)

System Verfication Review/
Functional Configuration Audit
(SVR/FCA)

Physical Configuration Audit
(PCA)

Parts, materials, processes
selected

Development tests completed

Inspection points/criteria
completed

Component level FMECA
completed

Repair level analysis completed
Facility requirements defined

Software test descriptions
completed

Hardware and software hazard
analysis completed

Firmware spt completed

Software programmers manual
completed

Durability test completed

Maintinability analyses com-
pleted

Qualification test procedures
approved

Producibility analyses com-
pleted

« All verification tasks completed
¢ Durability tests completed
¢ Long lead time items identified

« PME and operational training
completed

¢ Tech manuals completed
« Flight test plan approved

¢ Support and training equipment
developed

¢ Fielding analysis completed

« Provisioning data verified

Qualification testing completed

All QA provisions finalized

All manufacturing process
requirements and documenta-
tion finalized

Product fabrication specifica-
tions finalized

Support and training equipment
qualification completed

All acceptance test require-
ments completed

Life management plan com-
pleted

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 purposesThe calendar or detail schedule is a time-based
source selection, monitoring contractor progressschedule that shows how work efforts will support
technical and other reviews, readiness for optionasks and events identified in the event-based
award, incentives/awards determination, progresschedule. It aligns the tasks and calendar dates to
payments decision, and similar activities. show when each significant accomplishment must
be achieved. It is a key component for developing
The event-based schedule establishes the kd&sarned Value metrics. The calendar schedule is
parameters for determining the progress of @ommonly referred to as the detail schedule,
development program. To some extent it controlsystems engineering detail schedule, or SEDS. The
and interfaces with systems engineering manage&ontractor is usually required to maintain the
ment planning, integrated master schedules and imelationship between the event and calendar
tegrated master plans, as well as risk managemesthedules for contract required activities. Figure
planning, system test planning, and other key plan6-3 shows the relationship between the system
which govern the details of program managementequirements, the WBS, the contractual require-
ments, the event-based schedule, and the detalil
schedule.
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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

Earned

L Value Reports

31 Aircraft Subsystems (WBS 1600)

Conduct a development program to
include detailed design, manufacture,
assembly, and test of all aircraft subsystems

Significant Accomplishments

Events

Accomplishment Criteria

1. Preliminary Design Complete

PDR

1. a. Duty Cycle Defined

b. 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. Event-Based—Detailed Schedule Interrelationships

Schedule Summary

The event-based schedule establishes the key tasks
and results expected. The event-based schedule
establishes the basis for a valid calendar-based

(detail) schedule.
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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 improv-
it is difficult, if not impossible, to predict the na- ing existing products and designing new ones that
ture and timing of these changes at the beginningan be easily improved. With the average service
of system development. Accordingly, strategies olife of a weapons system in the area of 40 or more
design approaches have been developed to redugears, it is necessary that systems be developed
the risk associated with predicted and unknowmwith an appreciation for future requirements, fore-
changes. seen and unforeseen. These future requirements
will present themselves as needed upgrades to
Well thought-out improvement strategies can helsafety, performance, supportability, interface com-
control difficult engineering problems related to: patibility, or interoperability; changes to reduce
cost of ownership; or major rebuild. Providing
* Requirements that are not completely underthese needed improvements or corrections form
stood at program start, 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 support phi-these improvement needs can be categorized as
losophy, or other planning or practices from theplanned improvements, changes in design or
eight primary life cycle function groups, production, and deployed system upgrades.

» Technology availability that allows the system Planned Improvements
to perform better and/or less expensively,
Planned improvements strategies include evolu-
» Potential reliability and maintainability up- tionary acquisition, preplanned 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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Planned Improvement

A

Design Changes

Deployment

T

Production
Modifications

| Upgrades

Integrated Inputs of All Functional Disciplines

Figure 17-1. Types of Product Improvement

Strategies

Requirements Analysis
» General for the System
 Specific for the Core

| Concept of Operations

v

Preliminary
System
Architecture

CORE

Define — FUND — Develop — Operationally Test CORE

| >[Refine and Update

Requirements
Block A

Define — FUND — Develop — Operationally Test Block A

)

CORE
B|C

___________ continue “as required”

F--»

“-

Flexible/Incremental ORD, TEMP, etc.

Customer
Feedback
“Managed”

by Req
Analysis

“The lack of specificity
and detail in identifying the final
system capability is what
distinguishes Evolutionary
Acquisition from an
acquisition strategy based
on P31
—JLC EA Guide

Figure 17-2. Evolutionary Acquisition
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Evolutionary Acquisition: Evolutionary acquisi- rather than in the traditional single grand design
tion is the preferred approach to systems acquisapproach. Planning for evolutionary acquisition
tion in DaD. In an environment where technologyalso demands that engineering designs be based
is a fast moving target and the key to military su-on open system, modular design concepts that per-
periority is a technically superior force, the require-mit additional increments to be added over time
ment is to transition useful capability from devel-without having to completely re-design and re-
opment to the user as quickly as possible, whilelevelop those portions of the system already
laying the foundation for further changes to occuffielded. Open designs will facilitate access to recent
at later dates. Evolutionary acquisition is an ap<hanges in technologies and will also assist in con-
proach that defines requirements for a core capadrolling costs by taking advantage of commercial
bility, with the understanding that the core is to becompetition in the marketplace. This concept is
augmented and built upon (evolved) until the sysnot new; it has been employed for years in the
tem meets the full spectrum of user requirement€C4ISR community, where system are often in
The core capability is defined as a function of useevolution over the entire span of their lifecycles.
need, technology maturity, threat, and budget. The
core is then expanded as need evolves and the otlimeplanned Product Improvement (P31)0ften
factors mentioned permit. referred to as P3l, preplanned product improve-
ment is an appropriate strategy when requirements
A key to achieving evolutionary acquisition is theare known and firm, but where constraints (typi-
use of time-phased requirements and continuousally either technology or budget) make some
communication with the eventual user, so that reportion of the system unachievable within the
guirements are staged to be satisfied incrementallgchedule required. If it is concluded that a militarily

P3|
@oe/ \

< G
O/]/S

* Responsive to threat changes

« Accommodates future technology
 |OC 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 P3I acquisition
management challenge is to acquire
systems with interfaces and accessibility
as an integral part of the design so that
the 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. Pre-Planned Product Improvement
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useful capability can be fielded as an interim soluadvice on issues related to configuration changes.
tion while the portion yet to be proceeds through
development, then P3l is appropriate. The approadBlock Change before Deploymerilock changes
generally is to handle the improvement as a sepaepresent an attempt to improve configuration
rate, parallel development; initially test and delivermanagement by having a number of changes
the system without the improvement; and provegrouped and applied such that they will apply con-
and provide the enhanced capability as it becomesistently to groups (or blocks) of production items.
available. The key to a successful P3l is the estali-his improves the management and configuration
lishment of well-definedhterfacerequirements for control of similar items substantially in compari-
the system and the improvement. Use of a P3l wilkon to change that is implemented item by item
tend to increase initial cost, configurationand single change order by single change order.
management activity, and technical complexityWhen block changes occur, the life cycle impact
Figure 17-3 shows some of the considerations ishould be carefully addressed. Significant differ-
deciding when it is appropriate. ences in block configurations can lead to different

manuals, supply documentation, training, and
Open Systems Approaciihe open system design restrictions as to locations or activities where the
approach uses interface management to build flexsystem can be assigned.
ible design interfaces that accommodate use of
competitive commercial products and provideDeployed Systems Upgrades
enhanced capacity for future change. It can be used
to prepare for future needs when technology is ydtlajor Rebuild: A major rebuild results from the
not available, whether the operational need imeed for a system that satisfies requirements sig-
known or unknown. The open systems focus is taificantly different or increased from the existing
design the system such that it is easy to modifgystem, or a need to extend the life of a system
using standard interfaces, modularity, recognizethat is reaching the end of its usable life. In both
interface standards, standard components witbases the system will have upgraded requirements
recognized common interfaces, commercial andnd should be treated as basically a new system
nondevelopmental items, and compartmentalizedevelopment. A new development process should
design. Open system approaches to design abe started to establish and control configuration
further discussed at the end of this chapter. baselines for the rebuilt system based on the

updated requirements.
Changes in Design or Production

Major rebuilds include remanufacturing, service-
Engineering Change Proposals (ECP<Jhanges life extension programs, and system developments
that are to be implemented during the developmemnhere significant parts of a previous system will
and production of a given system are typically ini-be reused. Though rebuilding existing systems can
tiated through the use of ECPs. If the proposedramatically reduce the cost of a new system in
change is approved (usually by a configuratiorsome cases, the economies of rebuild can be
control board) the changes to the documentatiodeceiving, and the choice of whether to pursue a
that describes the system are handled by formaébuild should be done after careful use of trade
configuration management, since, by definition,studies. The key to engineering such systems is to
ECPs, when approved, change an approved basemember that they are new systems and require
line. ECPs govern the scope and details of thegbe full developmental considerations of baselin-
changes. ECPs may address a variety of needgag, the systems engineering process, and life cycle
including correction of deficiencies, cost reduc-integration.
tion, and safety. Furthermore, ECPs may been as-
signed differing levels of priority from routine to Post-Production Improvementn general, product
emergency. MIL-HDBK-61, Configuration Man- improvements become necessary to improve the
agement Guidance, offers an excellent source afystem or to maintain the system as its components
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reach obsolescence. These projects generally rdiat are not always readily apparent at the outset
sultin a capability improvement, but for all practi- of a system upgrade. Upgrade planning should
cal purposes the system still the serves the samamsure that the revised components will be com-
basic need. These improvements are usually chapatible at the interfaces. Where interfaces are im-
acterized by an upgrade to a component or sulpacted, broad coordination and agreement is nor-
system as opposed to a total system upgrade. mally required.

Block UpgradesfPost-production block upgrades Traps in Upgrading Deployed Systems

are improvements to a specific group of the system

population that provides a consistent configuraWhen upgrading a deployed system pay attention
tion within that group. Block upgrades in post-to the following significant traps:

production serve the same general purpose of

controlling individual system configurations as Scheduling to minimize operational impacftshe
production block upgrades, and they require theiser's operational commitments will dictate the

same level of life-cycle integration. availability of the system for modification. If the
schedule conflicts with an existing or emerging
Modifying an Existing System operational need, the system will probably not

become available for modification at the time
Upgrading an existing system is a matter of fol-agreed to. Planning and contractual arrangements
lowing the system engineering process, with ammust be flexible enough to accept unforeseen sche-
emphasis on configuration and interface manageadule changes 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 configu-
the upgrade and the system as a whole, rations: the actual existing configuration, the modi-
fication configuration, and the final system con-
» Perform functional analysis and allocation onfiguration. The key to successful modification is
the modified requirements, 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 system alternacommunity is essential to the long-term operational
tives, 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 attentiorare not available, either the project should be
to configuration and interface management. labandoned, or a plan formulated to mitigate and
is hotuncommon that the existing system'’s con-control the risk of an initial, minimal budget com-
figuration will not be consistent with the existing bined with a plan for obtaining additional
configuration data. Form, fit, and especially func-resources.
tion interfaces often represent design constraints
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Funding restrictions ($ color) drive the need to separate
performance increase from supportability changes
it MOD No System No
Increases ———) In
Performance Production
Fund l Yes l Yes
development | RDT&E $ 3 | | Procurement $ s | | 0&M $ 3
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

Limited competitorsOlder systems may have only specific system upgrade will have relationships

a few suppliers that have a corporate knowledgestablished by the conditions surrounding the par-

of the particular system functions and design. Thisicular program, government responsibilities would

is especially problematic if the original systemusually include:

components were commercial or NDls that the de-

signer does not have product baseline data for. In Providing a clear statement of system require-

cases such as these, there is a learning process thaments,

must take place before the designer or vendor can

adequately support the modification effort. De- Planning related to government functions,

pending on the specific system, this could be a

major effort. This issue should be considered very Managing external interfaces,

early in the modification process because it has

serious cost implications. * Managing the functional baseline configuration,
and

Government funding rulesAs Figure 17-4 shows

the use of government funding to perform system Verifying that requirements are satisfied.

upgrades has restrictions. The purpose of the up-

grade must be clear and justified in the planningContractor responsibilities are established by the

efforts. contract, but would normally include:

» Technical planning related to execution,
17.3 ROLES AND RESPONSIBILITIES

» Defining the new performance envelope,
Maodification management is normally a joint gov-
ernment and contractor responsibility. Though any Designing and developing modifications, and
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» Providing evidence that changes made have Ensuring operations, support activities, and
modified the system as required. early field results are considered in planning.

System Engineering Role
17.4 SUMMARY POINTS
The systems engineering role in product improve-
ment includes: » Complex systems do not usually have stagnant
configurations.
» Planning for system change,
* Planned improvements strategies include
» Applying the systems engineering process, evolutionary acquisition, preplanned product
development, and open systems.
» Managing interface changes,
* A major rebuild should be treated as a new
 |dentifying and using interface standards which  system development.
facilitate continuing change,
» Upgrading an existing system is a matter of
» Ensuring life cycle management is implemented, following the system engineering process, with
an emphasis on configuration and interface
» Monitoring the need for system modifications, management.
and
» Pay attention to the traps. Upgrade projects have
many.
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SUPPLEMENT 17-A

OPEN SYSTEM APPROACH

The open system approach is a business argystems engineering, interface control, modular
technical approach to system development thadesign, and design for upgrade. As a technical ap-
results in systems that are easier to change @roach it supports the engineering goals of design
upgrade by component replacement. It is a systeffitexibility, risk reduction, configuration control,
development logic that emphasizes flexiblelong-term supportability, and enhanced utility.
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 ben- result of dramatic changes in the computer indus-
efits that can be recognized from businesstry that afforded significant advantages to design
management, and technical perspectives. of C4ISR and IT systems. The standardization
achieved by the computer industry allows C4ISR
From a management and business view, the opend IT systems to be designed using interface
system approach directs resources to a more istandards to select off-the-shelf components to
tensive design effort with the expectation of a lifeform the system. This is achieved by using
cycle cost reduction. As a business approach tommercially-supported specifications and
supports the DoD policy initiatives of CAIV, in- standards for specifying system interfaces (exter-
creased competition, and use of commercial proddal and internal, functional and physical), prod-
ucts. It is a technical approach that emphasizescts, practices, and tools. An open system is one

Operational
Architecture
Developed
High-Level System Technical
> Architecture e Architecture
Developed Developed

v

Complete System
P 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

in which interfaces are fully described by openbecause of their operational nature, the user must
standard$ An open system approach extends thiprovide the components of the operational
concept further by using modular design andarchitecture. It is usually left to the developer to
interface design to enhance the availability of mulassemble and structure the information as part of
tiple design solutions, especially those reflectinghe system definition requirements analysis. Once
use of open standards, competitive commerciahe operational architecture has clearly defined the
components, NDIs, and future upgrade capabilityoperational need, development of a system
architectureis begun.
As developed in the C4ISR and IT communities,
the open system approach requires the design @he (open) system architecture is a set of descrip-
three architectures: operational, technical, andgions, including graphics, of systems and intercon-
system. nections supporting the operational functions
described in the operational architecture. Early in
As shown in Figure 17-5, the first one prepared ishe (open) system architecture development a
an operational architecture that defines the task$echnical architecture is prepared to establish a set
operational elements, and information flowsof rules, derived from open consensus-based
required to accomplish or support an operationaindustry standards, to govern the arrangement,
function. The user community generates thenteraction, and interdependence of the elements
operational concepts that form an operationabf a reference model. Reference models are a com-
architecture. The operational architecture ismon conceptual framework for the type of system
allusive. It is not a specific document required tobeing designed. (A simple version for computer
be developed by the user such as the ORD; buesources is shown in Figure 17-6.)

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 intétfans tefi
describe system components.
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The technical architecture identifies the servicesalso requires additional effort to assure life-cycle
interfaces, standards, and their relationships; ancbnformance to interface requirements.
provides the technical guidelines upon which
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 be-
comes a design requirement for developing thé 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 developebtlasic 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 desigrnConcept Studies Phase
fabrications.
The initial detailed operational concept, including
The process described above has allowed signifeperational architectures, should be a user-com-
cant achievements in computer-related developmunity output (with some acquisition engineering
ments. Other technical fields have also used thassistance) produced during the concept explora-
open system design approach extensively. (Comtion phase that emphasizes operational concepts
mon examples are the electrical outlets in youassociated with various material solutions. The
home and the tire-to-wheel interface on your car)operational concept is then updated as necessary
In most cases the process is not as well defined &sr each following phase. Analysis of the initial
it is in the current digital electronics area. A con-operational concept should be a key element of
sistent successful use of the open design concephe operational view output of the system defini-
in and outside the electronics field, requires arion phase requirements analysis. An operational
understanding of how this process relates to tharchitecture developed for supporting the system
activities associated with systems engineeringlescription should be complete, comprehensive,

management. and clear; and verified to be so at the Alternative
Systems Review. If the operational architecture
Systems Engineering Management cannot be completed, then a core operational

capability must be developed to establish the basis
The open system approach impacts all threéor further development. Where a core capability
essential elements of systems engineering manags-used, core requirements should be complete and
ment: systems engineering phasing, the systenfem, and the process for adding expanded
engineering process, and life cycle considerationsequirements should be clear and controlled.
It requires enhanced interface management in the
systems engineering process, and requires specifystem Definition Phase
design products be developed prior to engineer-
ing-event milestones. The open systems approac®ystem interface definitions, such as the technical
is inherently life-cycle friendly. It favorably architecture, and high-level (open) system archi-
impacts production and support functions, but itecture should be complete in initial form at the
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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

end of the system definition phase (along with otheThe preliminary design establishes performance-
functional baseline documentation). Successfubased descriptions of the system components, as
completion of these items is required to performwell as the interface and structure designs that
the preliminary design, and they should be availintegrate those components. Itis in this phase that
able for the System Functional Review, alsathe open system approach has the most impact.
referred to as the System Definition Review or Sysinterface control should be enhanced and focused
tem Design Review. The open system documentasn developing modular designs that allow for maxi-
tion can be separate or incorporated in other funanum interchange of competitive commercial prod-
tional baseline documentation. The criteria foructs. Review of the technical architecture (or in-
acceptance should be established in the systerterface definitions) becomes a key element of re-
engineering management plan as phase-exguirements analysis, open system focused func-

criteria. tional partitioning becomes a key element of func-
tional analysis and allocation, iterative analysis of
Preliminary Design Phase modular designs becomes a key element of design

synthesis, and conformance management becomes
Along with other allocated baseline documenta-a key element of verification. Open system related
tion, the interface definitions should be updatedproducts, such as the technical architecture, inter-
and the open-system architecture completed by tHface management documentation, and conform-
end of the preliminary design effort. This docu-ance management documentation, should be key
mentation should also identify the proper level ofdata reviewed at the Preliminary Designh Review.
openness (that is, the level of system decomposAgain, the criteria for acceptance should be estab-
tion at which the open interfaces are establishedished in the systems engineering management plan
to obtain the maximum cost and logistic advantagas phase-exit criteria.
available from industry practice.
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Detail Design Phase Requirements analysis includes the review and
update of interface standards and other interface
The detail design phase becomes the implementaefinitions generated as output from previous
tion for those parts of the system that have achievesl/stems engineering processes. Functional analy-
open system status. Conformance managemeasis and allocation focuses on functional partition-
becomes a significant activity as commercial coming to identify functions that can be performed in-
ponents are chosen to meet performance amtkependent of each other in order to minimize func-
interface requirements. Conformance and interfacgonal interfaces. Design synthesis focuses on
design testing becomes a driving activity duringmodular design with open interfaces, use of open
verification to assure an open system or subsystestandards compliant commercial products, and the
has been achieved and that components selectddvelopment of performance and interface speci-
meet interface requirements and/or standards. fications. The verification processes include con-
formance testing to validate the interface require-
Systems Engineering Process ments are appropriate and to verify components
chosen to implement the design meet the interface
The systems engineering problem solving procesgquirements. Engineering open designs, then, does
consists of process steps and loops supported Iyt alter the fundamental practices within systems
system analysis and control tools. The focus of thengineering, but, rather, provides a specific focus
open systems engineering process is compartmets the activities within that process.
talized design, flexible interfaces, recognized in-
terface standards, standard components witBystem Engineering Control:
recognized common interfaces, use of commercidhterface Management
and NDIs, and an increased emphasis on interface
control. As shown by Figure 17-8, the open-sysThe key to the open systems engineering process
tem approach complements the systems engineés- interface management. Interface management
ing process to provide an upgradeable design. should be done in a more formal and comprehen-
sive manner to rigidly identify all interfaces and

Requirements
- Analysis
IPPD Interface
Develop A
Produce
Deploy . Functional Analysis
Support and Allocation
Operate
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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control the flowdown and integration of interfacea major program objective, development of
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 interfaceor the family of aircraft). The open system ap-
management emphasizes the correlation of inteproach designed segments of a larger system could
face requirements between interfacing systemdave additional openness at a lower level. For ex-
(Do those designing the interfacing systemsample, the Advanced Amphibious Assault Vehicle
understand the interface requirements in the sam@AAV) 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 inter-
sis on leveraging best commercial practice. Th®perability, upgrade capability, cost-effective sup-
interface management effort must control interfaceport, affordability, and risk reduction) and industry
design such that interfaces specifically chosen fopractice (based on market research) drive the
an open system approach are designed based omoice of the level of openness that will best assure
the following priority: 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 cho- the ability to upgrade a system by changing a
sen 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 the
program objectives. For example, for most digital 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
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* An open system approach enhances the use process that tracks the interface requirements
of competitive products to support the system. through the life cycle, and assures that the new
This flexibility tends to reduce the cost associ- product meets those requirements.
ated with supply support, but more importantly
improves component and parts availability. Summary Comments

» Conformance management becomes a part ofOpen system design is not only compatible with
the life cycle configuration proces®eplace- systems engineering; it represents an approach that
ment of components in an open system mustnhances the overall systems engineering effort. It
be more controlled because the government haontrols interfaces comprehensively, provides in-
to control the system configuration without terface visibility, reduces risk through multiple
controlling the detail component configuration design solutions, and insists on life cycle interface
(which will come from multiple sources, all control. This emphasis on interface identification
with different detail configurations). The gov- and control improves systems engineers’ capability
ernment must expect that commercial supplito integrate the system, probably one of the hard-
ers will control the design of their componentsest jobs they have. It also improves the tracking of
without regard to the government’s systemsinterface requirements flow down, another key job
The government therefore must use perforof the systems engineer. Perhaps most importantly,
mance- and interface-based specifications tthis rigorous interface management improves sys-
assure the component will provide servicetems engineers’ ability to correctly determine
equivalent to that approved through the acquiwhere commercial items can be properly used.
sition process. Conformance management is the
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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 pressurénclude:

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 fundamentalitegrated 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 in the « 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, vertical 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 Chief Executive Officer, the

contracting officer, major advisors picked by the
Most DoD program offices are part of a Progranprogram manager, the system design team leader,
Executive Office (PEO) organization that is usu-and other key members of the system design team.
ally supported by a functional organization, suchlhe design team usually consists of the first-level
as a systems command. Contractors and other gostbsystem and life-cycle integrated team leaders.
ernment activities provide additional necessary
support. Establishing a system development orgaFhe next level of teams is illustrated on Figure 18-1
nization requires a network of teams that draw fronas either product or process teams. These teams
all these organizations. This network, sometimesre responsible for designing system segments
referred to as the enterprise, represents the intgfproduct teams) or designing the supporting or
ests of all the stakeholders and provides verticagnabling products (process teams). At this level
and horizontal communications. the process teams are coordinating the system level

process development. For example, the support
These integrated teams are structured using theam will integrate the supportability analysis from
WBS and designed to provide the maximumthe parts being generated in lower-level design and

System Level
Management Team

System Level
Design Team

Sub-Tier Teams
(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
2.2.1 2.2.2 4.2.1 4.2.2

Figure 18-1. Integrated Team Structure
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support process teams. Teams below this level comlecisions incorporate the concerns of lower-level
tinue the process at a lower level of decompositeams.
tion. Teams are formed only to the lowest level
necessary to control the integration. DoD teanThe normal method to obtain horizontal commu-
structures rarely extend lower than levels three amnication is shown in Figure 18-2. At least one team
four on the WBS, while contractor teams may ex-member from the Product A Team is also a member
tend to lower levels, depending on the complexiof the Integration and Test Team. This member
ties of the project and the approach favored byould have a good general knowledge of both
management. testing and Product A. The member’s job would
be to assist the two teams in designing their end or
The team structure shown by Figure 18-1 is a&nabling products, and in making each understand
hierarchy that allows continuous vertical commu-how their decisions would impact the other team.
nication. This is achieved primarily by having the Similarly, the member that sits on both Product A
team leaders, and, if appropriate, other keyand B teams would have to understand the both
members of a team, be team members of the netdchnology and the interface issues associated with
highest team. In this manner the decisions of thboth items.
higher team is immediately distributed and
explained to the next team level, and the decision§he 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 inte-
from all appropriate primary functional disciplines  gration 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 performing.
 ldentify and resolve issues, and The timing and intensity of each phase will depend
on the team size, membership personality, effec-
» Make sound and timely decisions. tiveness of the team building methods employed,

and team leadership. The team leaders and an
The teams follow the disciplined approach of theenterprise-level facilitator provide leadership
systems engineering process starting with requireduring the team development.
ments analysis through to the development of con-
figuration baselines as explained earlier in thiFormingis 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 manages 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 teams areension is reduced. Facilitators controlling the team
responsible for planning and executing their owrbuilding should give the members rules and tasks,

processes. but gradually reduce the level of direction as the
team members begin to relate to each other. As
Team Organization members become more familiar with other mem-

bers, the rules, and tasks, they become more com-
Good teams do not just happen; they are the restittrtable in their environment and begin to interact
of calculated management decisions and actionat a higher level.
Concurrent with development of the enterprise
organization discussed above, each team must al3tis starts the storming phastormings the con-
be developed. Basically the following are keyflict brought about by interaction relating to the
considerations in planning for a team within anindividuals’ manner of dealing with the team tasks
enterprise network: 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 dy-
from the primary functions, technical special-namics of storming can be very complex and in-
ties, and business support, tense, making it the critical phase. Some teams will
go through it quickly without a visible ripple, oth-
» There must be links to establish vertical anders 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 teamsorrectly. Three weeks to a month is reasonable
reorganized. Facilitators during this period musfor this process, if the members are in the same
act as coaches, directing but in a personal collabdecation. Proximity does matter and the team build-
rative way. They should also be alert for membering and later team performance are typically better
that are avoiding storming, because the team wilf the teams are co-located.
not mature if there are members who are not
personally committed to participate in it.
18.3 TEAM MAINTENANCE
Once the team has learned to interact effectively it
begins to shape its own processes and become mdreams can be extremely effective, but they can be
effective in joint tasks. It is not unusual to see soméragile. The maintenance of the team structure is
reoccurrence of storming, but if the storming phaseelated to empowerment, team membership issues,
was properly transitioned these incidences shouldnd leadership.
be minor and easily passed. In this phasening
the team building facilitators become a facilitatorEmpowerment
to the team—not directing, but asking penetrating
guestions to focus the members. They also monitdrhe term empowerment relates to how responsi-
the teams and correct emerging problems. bilities and authority is distributed throughout the
enterprise. Maintenance of empowerment is
As the team continues to work together on theifmportant to promote member ownership of the
focused tasks, their performance improves untilevelopment process. If members do not have
they reach a level of self-actuation and qualitypersonal ownership of the process, the effective-
decision making. This phageerforming cantake ness of the team approach is reduced or even
a while to reach, 18 months to two years for aneutralized. The quickest way to destroy partici-
system-level design team would not be uncommorpant ownership is to direct, or even worse, over-
During the performing stage, the team buildingturn solutions that are properly the responsibility
facilitator monitors the teams and correctsof the team. The team begins to see that the
emerging problems. responsibility for decisions is at a higher level
rather than at their level, and their responsibility is
At the start of a project or program effort, teamto follow orders, not solve problems.
building is commonly done on an enterprise basis
with all teams brought together in a team-buildingEmpowerment requires:
exercise. There are two general approaches to the
exercise: » The flow of authority through the hierarchy of
teams, not through personal direction (irrespec-
» Ateam-learning process where individuals are tive of organizational position). Teams should
given short but focused tasks that emphasize have clear tasking and boundaries established
group decision, trust, and the advantages of by the higher-level teams.
diversity.
» Responsibility for decision making to be
» Agroup work-related task that is important but  appropriate for the level of team activity. This
achievable, such as a group determination of requires management and higher-level teams to
the enterprise processes, including identifying be specific, clear, complete, and comprehensive
and removing non-value added traditional in establishing focus and tasking, and in speci-
processes. fying what decisions must be coordinated with
higher levels. They should then avoid imposing
Usually these exercises allow the enterprise to or overturning decisions more properly in the
passthrough most of the storming phase if done realm of a lower level.
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» Teams at each level be given a clear understandash awards, while civilians can. Con-sequently,
ing of their duties and constraints. Within themanagers must actively seek ways to reward all
bounds of those constraints and assigned dutiegeam members appropriately, leaving no group out
members should have autonomy. Higher-leveht the expense of others.
teams and management either accept their
decisions, or renegotiate the understanding dfeadership
the task.

Leadership is provided primarily by the organiza-

Membership Issues tional authority responsible for the program, the

enterprise facilitator, and the team leaders. In a

Another maintenance item of import is team mem-DoD program, the organizational leaders are usu-

ber turnover. Rotation of members is a fact of life ally the program manager and contractor senior

and a necessary process to avoid teams becomintgnager. These leaders set the tone of the enter-
too closed. However, if the team has too fast a turrprise adherence to empowerment, the focus of the
over, or new members are not fully assimilatedtechnical effort, and the team leadership of the
the team performance level will decline and possisystem management team. These leaders are
bly revert to storming. The induction processresponsible to see that the team environment is
should be a team responsibility that includes thenaintained. They should coordinate their action
immediate use of the new team member in a jointlglosely with the facilitator.

performed, short term, easily achievable, but

important task. Facilitators

Teams are responsible for their own performancegnterprises that have at least one facilitator find
and therefore should have significant, say over ththat team and enterprise performance is easier to
choice of new members. In addition teams shouldnaintain. The facilitator guides the enterprise
have the power to remove a member; however, thifirough the team building process, monitors the
should be preceded by identification of the probteam network through metrics and other feed-
lem and active intervention by the facilitator. back,and makes necessary corrections through
Removal should be a last resort. facilitation. The facilitator position can be:

Awards for performance should, where possibles A separate position in the contractor organiza-
be given to the team rather than individuals (or tion,

equally to all individuals on the team). This

achieves several things: it establishes a team focus, Part of the responsibilities of the government
shows recognition of the team as a cohesive force, systems engineer or contractor project manager,
recognizes that the quality of individual effortis  or

at least in part due to team influence, reinforces

the membership’s dedication to team objectivess Any responsible position in the first level below
and avoids team member segregation due to uneven the above that is related to risk management.
awards. Some variation on this theme is appropri-

ate where different members belong to differenObviously the most effective position would be one
organizations, and a common award system dodhat allows the facilitator to concentrate on the
not exist. The system-level management tearteams’ performance. Enterprise level facilitators
should address this issue, and where possible asssteould have advanced facilitator training and
equitable awards are given team members. A verfrecommended) at least a year of mentored expe-
real constraint on cash awards in DoD rises in theence. Facilitators should also have significant
case of teams that include both civilian and mili-broad experience in the technical area related to
tary members. Military members cannot be giverthe development.
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Team Leaders Teams use several tools to enhance their pro-
ductivity and improve communication among

The team leaders are essential for providing andnterprise 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 purpose

is to assure that the environment is present that Event-driven schedules,

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
responsibilities:

» Integrated membership that represents the life
» Taking on the role of coach as the team forms, cycle stakeholders.

» Facilitating as the team becomes self-sustainingntegrated Team Rules

» Sometimes serving as director (only when arhe following is a set of general rules that should
team has failed, needs refocus or correction, anguide the activities and priorities of teams in a
is done with the facilitator), system design environment:

» Providing education and training for members,s Design results must be communicated clearly,
effectively, and timely.
» Facilitating team learning,
» Design results must be compatible with initially
» Representing the team to upper management defined requirements.
and the next higher-level team, and
» Continuous “up-the-line” communication must
» Facilitating team disputes. be institutionalized.

Team leaders should be trained in basic facilitator Each member needs to be familiar with all

principles. This training can be done in about a system requirements.

week, and there are numerous training facilities or

companies that can offer it. » Everyone involved in the team must work from
the same database.

18.4 TEAM PROCESSES » Only one member of the team has the authority
to make changes to one set of master documen-

Teams develop their processes from the principles tation.

of system engineering management as presented

earlier in the book. The output of the teams i® All members have the same level of authority

the design documentation associated with prod- (one person, one vote).

ucts identified on the system architecture, includ-

ing both end product components and enabling Team participation is consistent, success-

products. 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 voicedhey are difficult to overcome. Any one of these
outside 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 itemss Lack of commitment based on perceived
uncertainty,
» 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.
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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 to manage
people.

Use a common database open to all enterprise
members.

Establish a network of teams that integrates the
design and provides horizontal and verticale
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.

179

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 18-A

IPPD — A DOD
MANAGEMENT PROCESS

The DoD policy of Integrated Product and Procesgarticipants empowered and authorized, to the
Development (IPPD) is a broad view of integratednaximum extent possible, to make commitments
system development which includes not onlyfor the organization or the functional area they
systems engineering, but other areas involved irepresent. IPTs are composed of representatives
formal decision making related to system develfrom all appropriate functional disciplines work-
opment. DoD policy emphasizes integratedng together to build successful programs and en-
management at and above the Program Managabling decision makers to make the right decisions
(PM) level. It requires IPPD at the systemsat 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 usB’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 mdstegrating IPT (1IPT) will coordinate WIPT efforts
organizations to conclude that IPTs are the besind cover all topics not otherwise assigned to
organizational approach to systems managemerdnother 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 require©Overarching 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 Assaulfor the many functional offices at the Office of the
Vehicle (AAAV) design IPTs. Secretary of Defense (OSD).

The Secretary of Defense has directed that DoFhe OIPT provides:

perform oversight and review by using IPTs.
TheselPTs function in a spirit of teamwork with « Top-level strategic guidance,
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Organization Teams Focus Participant
Responsibilities

OSD and OIPT*  Strategic Guidance  Program Success
Components « Tailoring b Functional Area Leadership

* Program Assessment * Independent Assessment

* Resolve Issues Elevated by WIPTs p Issue Resolution

WIPTs* » Planning for Program Success 4 Functional Knowledge and Experience
« Opportunities for Acquisition *|Empowered Contribution
Reform (e.g. innovation, streamlining) ¢| Recom.s for Program Success

« ldentify/Resolve Program Issues Communicate Status and Unresolved

* Program Status Issues
Program Program * Program Execution | 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. Focus and Responsibilities of IPTs

Oversight
and
Review

Execution

Cost/

Performance IPT

MDA
DAB or MAISRC

Overarching
IPT

WIPTs

Integrating IPT

Cost/
Performance IPT

Cost/
Performance IPT

Cost/
Performance IPT

Environment

Program Management

<¢— Program IPTs
(System Mgmt Teams)

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
requirements,
» Forum for issue resolution,
» Reviewing and providing early input to docu-
» Independent assessment to the MDA, ments,

» Determine decision information for next « Coordinating WIPT activities with the OIPT
milestone review, and members,

» Provide approval of the WIPT structures ands Resolving or evaluating issues in a timely
resources. manner, and

Working-Level IPT (WIPT) » Obtaining principals’ concurrence with appli-
cable documents or portions of documents.

The WIPTs may be thought of as teams that link

the PM to the OIPT. WIPTs are typically func- Program IPTs

tionally specialized teams (test, cost-performance,

etc.). The PM is the designated head of the WIPTRrogram IPTs are teams that perform the program

and membership typically includes representatiotiasks. The integration of contractors with the gov-

from various levels from the program to OSD staff.ernment on issues relative to a given program truly

The principal functions of the WIPT are to adviseoccurs at the program IPT level. The development

the PM is the area of specialization and to adviseeams (product and process teams) described ear-

the OIPT of program status. lier in this chapter would be considered program
IPTs. Program IPTs would also include teams
The duties of the WIPT include: formed for business reasons, for example teams

established to prepare Planning, Programming, and
» Assisting the PM in developing strategies andBudgeting System (PPBS) documentation, to pre-
in program planning, as requested by the PMpare for Milestone Approval, to develop the RFP,
or the like.
» Establishing IPT plan of action and milestones,
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SUPPLEMENT 18-B

GOVERNMENT ROLE ON IPTs

The following list was developed by the Advanced
Amphibious Assault Vehicle (AAAV) program to in-
form its government personnel of their role on con-
tractor/government integrated teams. It addresses
government responsibilities and the realities im-
posed by contractual and legal constraints. Though
it is specific to the AAAV case, it can be used as
guidance in the development of team planning for
other programs.

1. The IPTs are contractor-run entities. We do not
lead or manage the IPTs.

5.

2. 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).

3. WE DO NOT DO the contractor’s IPT WORK, 6.

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

called out in CDRLs. 7.

4. 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
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“customer” opinion and what might be
acceptable to the Government but you can only
offer the “Government” position for items that
have been agreed to by you and your Supervi-
sor. IT IS UP TO YOUR SUPERVISORS TO
EMPOWER EACH OF YOU TO AN APPRO-
PRIATE LEVEL OF AUTHORITY. It is ex-
pected that this will start at a minimal level of
authority and be expanded as each individual’'s
IPT experience and program knowledge
grows. However... (see items 5 and 6).

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.

Government IPT members CAN NOT autho-

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.
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8. 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.

Government IPT members are still subject to
all the Government laws and regulations re-
garding “directed changes,” ethics, and con-
duct. Your primary function is to perform those
functions that are best done by Government
employees, such as:
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Conveying to contractor personnel your
knowledge/expertise on Marine Corps
operations and maintenance techniques;

Interfacing with all other Government
organizations (e.g., T&E);

Control/facilitization of government fur-
nished equipment and materials (GFE and
GFM);

Ensuring timely payment of submitted
vouchers; and

Full participation in Risk Management.



CHAPTER 19

CONTRACTUAL
CONSIDERATIONS

19.1 INTRODUCTION The role of technical managers or systems engi-
neers is crucial to satisfying these diverse concerns.

This chapter describes how the systems enginediheir primary responsibilities include:

supports the development and maintenance of the

agreement between the project office and the cons Supporting or initiating the planning effort.

tractor that will perform or manage the detail work  The technical risk drives the schedule and cost

to achieve the program objectives. This agreement risks which in turn should drive the type of

has to satisfy several stakeholders and requires 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 thate 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
e Supports negotiation and participates in sourcerocess begins with planning efforts. Planning in-
selection evaluations, cludes development of a Request for Proposal
(RFP), specifications, a Statement of Objective
» Forms Integrated Teams and coordinates th€SO0O) 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 contracwefferor must do to be considered for the contract.
ing for system development. It assumes that therk establishes the basis for the contract to follow.
is a government program or project office that is
tasking a prime contractor in a competitive envi-The key systems engineering documents included
ronment. However, in DoD there is variation toin a solicitation are:
this theme. Some project activities are tasked di-
rectly to a government agency or facility, or aree A statement of the work to be performed. In
contracted sole source. The processes described DoD this is a SOW. A SOO can be used to ob-
in this chapter should be tailored as appropriate tain a SOW or equivalent during the selection

'

'

for these situations. process.
Acquisition Planning
Requirement Requirement Procurement
Determination > Specification > Requests (RFP)

)

Procurement Planning

r Source Selection

S . L Selection
Solicitation —| Evaluation —»| Negotiation [—P of Source —>| Award >l
l Contract Administration
Assianment System Performance Contract Completlot?/
9 > Control > Measurement > Modifications > }(ji?gsn;?)r;t

Figure 19-2. Contracting Process
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» A definition of the system. Appropriate speci- the SOW. During the solicitation phase the tasks
fications and any additional baseline informa-can be defined in very general way by a SOO.
tion necessary for clarification form this Specific details concerning SOOs and SOWs are
documentation. This is generated by the systenattached at the end of this chapter.
engineering process as explained earlier in this
book. As shown by Figure 19-3, solicitation tasking

approaches can be categorized into four basic op-

» Adefinition of all data required by the customer.tions: use of a basic operational need, a SOO, a
In DoD this accomplished through use of theSOW, or a detail specification.

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 decidén place of SOO/SOW), and the offerors are re-

the technical and technical management merits ajuested 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 th&ors) of the RFP to provide guidance. Section L

offerors. In DoD Sections L and M of the RFP are(instructions to the offerors) should require the

those pivotal documents. bidders write a SOW based on the ORPas of
their proposal. The offeror proposes the type of
Task Statement system. The contractor develops the system speci-

fication and the Work Breakdown Structure
The task statement prepared for the solicitation willWBS). In general this option is appropriate for
govern what is actually received by the governearly efforts where contractor input is necessary
ment, and establish criteria for judging contractotto expand the understanding of physical solutions
performance. Task requirements are expressed and alternative system approaches.

Government Develops Contractor Develops
—
S ORD —JPpEvaluation —Pnstructions [—Proposed ——Prstem —WBS —sSPpW  —Pntract
B Factors to Offerors Concept(s) Spec Signed
[ O |
N Select ——————ppDraft  Sele] PEvaluation ——Ppastructions f———POW —————Pmntract
_5 Concept(s) Technical Factors to Offerors Signed
a Requirements
o and WBS
™ ) '
e Select ———ppDraft PWVBS PSOW PEvaluation ——Pmstructions —Qntract
2 Concept(s) System Factors to Offerors Signed
8— Spec
2 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 the government has detailed specifications or
by submitting a SOO to the offerors as the Sectionther product baseline documentation that de-
C task document (e.g., in place of SOW.) The govfines thedeliverable item sufficient for produc-
ernment identifies its areas of concern in Sectiotion. It is generally used for simple build-to-print
M (evaluation factors) to provide guidance. Secteprocurement.
tion L (instructions to the offerors) should require
as part of the proposal that offerors write a SOWData Requirements
based on the SOO. In this case the government
usually selects the type of system, writes a draffs part of the development of an IFB or RFP, the
technical-requirements document or system specprogram office typically issues a letter that de-
fication, and writes a draft WBS. This option is scribes the planned procurement and asks inte-
most appropriate when previous efforts have nograted team leaders and affected functional man-
defined the system tightly. The effort should notagers to identify and justify their data requirements
have any significant design input from the previ-for that contract. The data should be directly as-
ous phase. This method allows for innovative thinksociated with a process or task the contractor is
ing by the bidders in the proposal stage. It is aequired to perform.
preferred method for design 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 thiData Item Descriptions (DIDs), located in the
option the SOW is provided to the Contractor asAcquisition Management Systems and Data
the contractual task requirements document. ThRequirements Control List (AMSDL), can be used
government provides instructions in Section L tofor guidance in developing these descriptions.
the offerors to describe the information needed bypescriptions should be performance based, and
the government to evaluate the contractor’s abilitformat should be left to the contractor as long as
to accomplish the SOW tasks. The governmenall pertinent data is included. The descriptions are
identifies evaluation factors in Section M to pro-then assembled and submitted for inclusion in the
vide guidance for priority of the solicitation re- solicitation. The listing of data requirements in the
guirements. In most cases, the government seleatentract follows an explicit format and is referred
the type of system, and provides the draft systeno as the CDRL.
spec, as well as the draft WBS. This option is most
appropriate when previous efforts have defined thén some cases the government will relegate the data
system to the lower WBS levels or where thecall to the contractor. In this case it is important
product baseline defines the system. Specificallghat the data call be managed by a government/
when there is substantial input from the previousontractor team, and any disagreements be resolved
design phase and there is a potential for a differeqtrior to formal contract change incorporating data
contractor on the new task, the SOW method isequirements. When a SOO approach is used, the
appropriate. contractor should be required by section L to pro-
pose data requirements that correspond to their
Option 4 minimizes contractor flexibility, and 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 deliverablesiata 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,
the contractual task, the contract is awarded basdypes of data, contractual considerations, and
on the low bid. This option is appropriate whensources of data are presented in Chapters 10 and
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13. Additional information on CDRLs is provided personnel. In this environment, even minor
at the end of this chapter. mistakes can cause distortion of proper selection.

Technical Data Package Controversy The process starts with the development of a

Source Selection Plan (SSP), that relates the orga-
Maintenance of a detailed baseline such as the “aszational and management structure, the evalua-
built” description of the system, usually referredtion factors, and the method of analyzing the
to as a Technical Data Package (TDP), can be venfferors’ responses. The evaluation factors and their
expensive and labor intensive. Because of thigriority are transformed into information provided
some acquisition programs may not elect to purto the offerors in sections L and M of the RFP. The
chase this product description. If the Governmenbfferors’ proposals are then evaluated with the pro-
will not own the TDP the following questions must cedures delineated in the SSP. These evaluations
be resolved prior to solicitation issue: establish which offerors are conforming, guide

negotiations, and are the major factor in contrac-
* What are the pros and cons associated with thier selection. The SSP is further described at the

TDP owned by the contractor? end of this chapter.

» What are the support and reprocurementimpactsihe 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 49.3 SUMMARY COMMENTS

possible in the system development to avoid pur-

chasing data rights as a hedge against the possibility Solicitation process planning includes develop-
that the data will be required later in the program ment of a Request for Proposal, specifications,

life cycle. a Statement of Objective or Statement of Work,
a source selection plan, and the Contract Data
Source Selection 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 must imposed on contractor flexibility. The govern-
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 CDRL List.
regulations governing the fairness of the process

require that changes be made very carefully—anel Source Selection is based on the evaluation
often at the expense of considerable time and effort criteria outlined in the SSP and reflected in
on the part of program office and contractor Sections L and M of the RFP.
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SUPPLEMENT 19-A

STATEMENT OF OBJECTIVES
(SO0)

The SOO is an alternative to a government pres Draft WBS and dictionary.

pared SOW. A SOO provides the Government’s

overall objectives and the offeror’s required sup-Step 2:0Once the program objectives are defined,
port to achieve the contractual objectives. Offerorshe SOO is constructed so that it addresses prod-
use the SOO as a basis for preparing a SOW whialct-oriented goals and performance-oriented
is then included as an integral part of the proposakquirements.

which the government evaluates during the source

selection. SO0 and Proposal Evaluations

Purpose Section L (Instructions to Offerors) of the RFP
must include instructions to the offeror that require
SOO expresses the basic, top-level objectives afsing the SOO to construct and submit a SOW. In
the acquisition and is provided in the RFP in lieuSection M (Evaluation Criteria) the program office
of a government-written SOW. This approach givesshould include the criteria by which the proposals,
the offerors the flexibility to develop cost effec- including the contractor’s draft SOW, will be evalu-
tive solutions and the opportunity to proposeated. Because of its importance, the government’s
innovative alternatives. intention to evaluate the proposed SOW should be
stressed in Sections L and M.
Approach
Offeror Development of
The government includes a brief (1- to 2-pagethe Statement of Work
SOO in the RFP and requests that offerors provide
a SOW in their proposal. The SOO is typically The offeror should establish and define in clear,
appended to section J of the RFP and does not bgaderstandable terms:
come part of the contract. Instructions for the con-
tractor prepared SOW would normally be includec Non-specification requirements (the tasks that
in or referenced by Section L. the contractor must do),

SOO Development * What has to be delivered or provided in order
for him to get paid,

Step 1. The RFP team develops a set of objectives

compatible with the overall program directions What data is necessary to support the effort,

including the following: and

+ User(s) operational requirements, « Information that would show how the offerors
would perform the work that could differenti-

* Programmatic direction, ate between them in proposal evaluation and

contractor selection.
» Draft technical requirements, and
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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 Objectives

a. Demonstrate, at the sub-system level as a minimum, end-to-end performance of the sys-
tem concept. Performance will be at the contractor-developed System Performance Speci-
fication 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.

At contract award the SOW, as changed through
negotiations, becomes part of the contract and the
standard for measuring contractor’s effectiveness.
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SUPPLEMENT 19-B

STATEMENT OF WORK
(SOW)

The SOW is a specific statement of the work to bé&ection 3: Requirements States the tasks the
performed by the contractor. It is derived from thecontractor has to perform to provide the
Program WBS (System Architecture). It shoulddeliverables. Tasks should track with the WBS. The
contain, at a minimum, a statement of scope an8OW describes tasks the contractor has to do. The
intent, as well as a logical and clear definition ofspecifications describe the products.
all tasks required. The SOW normally consists of
three parts: Statement of Work Preparation
and Evaluation Strategies
Section 1: Scope Befines overall purpose of the
program and to what the SOW applies. SOWs should be written by an integrated team of
competent and experienced members. The team
Section 2: Applicable Documents Lists the  should:
specifications and standards referenced in Section

3. * Review and use the appropriate WBS for the
SOW framework,
Requirement WBS Elements
System Spec
ATYEEE 1600 Aircraft Subsystems
| E—

| 1600 Aircraft Subsystems | 1610 Landing Gear Systems

I L]
| 1610 Landing Gear Systems | °

SOO/SOW

31 Aircraft Subsystems (WBS 1600)

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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» Set SOW objectives in accordance with thes Include data requirements or deliverable
Acquisition Plan and systems engineering products.
planning,
In section 2Applicable Documents:
» Develop a SOW tasking outline and check list,
DO NOT:
» Establish schedule and deadlines, and
* Include guidance documents that apply only to
» Develop a comprehensive SOW from the above. Government PMOs (e.g., DoD 5000 series and
service regulations).
Performance-based SOW
In section 3Requirements:
The termperformance-based SOkés become a
common expression that relates to a SOW that task¥0O NOT:
the contractor to perform the duties necessary to
provide the required deliverables, but is not specifie Define work tasks in terms of data to be deliv-
as to the process details. Basically, all SOWs should ered.
be performance based, however, past DoD gener-
ated SOWSs have had the reputation of being overly Order, describe, or discuss CDRL data (OK to
directive. A properly developed SOW tasks the reference).
contractor without telling him how to 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 thee Invoke handbooks, service regulations, techni-
elements of the SOW and a tracing of work effort  cal orders, or any other document not specifi-
expended under each of the WBS elements. It helps cally written in accordance with MIL-STD-961/
integrated teams to ensure all requirements have 962.

been included, and provides a foundation for track-

ing program evolution and controlling the changes Specify how task is to be accomplished.
process. As shown by Figure 19-4, the WBS serves

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 Specify technical proposal or performance
time, an informal set of rules had been developed criteria or evaluation factors.
to assist in drafting them. While the government
today generally does not write the SOW, but, rathes, Establish delivery schedules.
more often evaluates the contractor’s proposed SOW,
those same rules can assist in the government rale Over specify.
of evaluator.
In section 3Requirements:
Statement of Work Rules
DO:
In section 1Scope:
» Specify work requirements to be performed
DO NOT: under contract.

* Include directed work statements.
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» Set SOW objectives to reflect the acquisitions Use WBS as an outline.
plan and systems engineering planning.
» List tasks in chronological order.
» Provide a priceable set of tasks.
e Limit paragraph numbering to 3rd sub-level
» Express work to be accomplished in work (3.3.1.1.) — Protect Government interests.
words.
» Allow for contractor’s creative effort.
» Use “shall” whenever a task is mandatory.

» Use “will” only to express a declaration of
purpose or simple futurity.
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The Contract Data Requirements List (CDRL) isData requirements can also be identified in the
a list of authorized data requirements for a specificontract via Special Contract Clauses (Federal
procurement that forms a part of the contract. It iAAcquisition Clauses.) Data required by the FAR
comprised of a series of DD Forms 1423 (Indi-clauses are usually required and managed by the

SUPPLEMENT 19-C

CONTRACT DATA

REQUIREMENTS LIST

vidual CDRL forms) containing data requirementsContracting Officer.
and delivery instructions. CDRLs should be linked
directly to SOW tasks and managed by the program
office data manager. A sample CDRL data
requirement is shown in Figure 19-5.

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) SOW 3.1 6) 10) 12)
3) ASD/TASE | ONE/R 60DAC

4)

OT E62011 IT D

5) sows3l [7) 8) 9) 11) | 13)
SEE 16

16)

NOTE:

BLK 4: SEE APPENDIXES TO 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 DUPLICATE THE SYSTEM
INTEGRATION PLAN (REFERENCE DI-S-3563/T); i.e., ONE PLAN
MAY REFERENCE THE OTHER.”

BLK 13: REVISIONS SHALL BE SUBMITTED AS REQUIRED BY CHANGE

RESULTING FROMTHE SYSTEMS ENGINEERING PROCESS.
SCHEDULES ASSOCIATED WITH THIS PLAN SHALL BE
INTEGRATED WITH THE MASTER PROGRAM PLANNING
SCHEDULE SUBMITTED ON MAGNETIC MEDIA IN ACCORDANCE
WITH DI-A-3007/T.

14)
ASD/TASE

ASD/TASM
ASD/TASL

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 9: Distribution Statement Required:

Standard Data Item Descriptions (DID) define dataCategory A is unlimited-release to the public.
content, preparation instructions, format, intended

use, and recommended distribution of data require@ategory B is limited-release to government
of the contractor for delivery. The Acquisition agencies.

Management Systems and Data Requirements

Control List (AMSDL) identifies acquisition man- Category C limits release to government agencies
agement systems, source documents, and standamad their contractors.

DIDs. With acquisition reform the use of DIDs has

declined, and data item requirements now are eicategory D is limited-release to DoD offices and
ther tailored DIDs or a set of requirements specifitheir contractors.

cally written for the particular RFP in formats

agreeable to the contractor and the government.Category E is for release to DoD components only.

DD Form 1423 Road Map Category F is released only as directed and
normally classified.
Block 1: Data Item Number — represents the CDRL
sequence number. Block 12: Date of First Submission — indicates
year/month/day of first submission and identifies
Block 2: Title of Data Item — same as the title specific event or milestone data is required.
entered in item 1 of the DID (DD Form 1664).
Block 13:Date of Subsequent Submission — if data
Block 4: Authority (Data Acquisition Document is submitted more than once, subsequent dates will
Number) — same as item 2 of the DID form andbe identified.
willinclude a “/t” to indicate DID has been tailored.
Block 14: Distribution — identify each addressee
Block 5: Contract Reference — identifies the DID and identify the number of copies to be received
authorized in block 4 and the applicable documenby each. Use office symbols, format of data to be
and paragraph numbers in the SOW from whichdelivered, command initials, etc.
the data flows.
Block 16:Remarks — explain only tailored features
Block 6: Requiring Office — activity responsible of the DID, any additional information for blocks
for advising the technical adequacy of the data. 1-15, and any resubmittal schedule or special con-
ditions for updating data submitted for government
Block 7: Specific Requirements — may be neededpproval.
for inspection/acceptance of data.

Block 8: Approval Code — if “A," it is a critical

data item requiring specific, advanced, written
approval prior to distribution of the final data item.
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SUPPLEMENT 19-D

THE SOURCE
SELECTION PLAN

Prior to solicitation issuance, a source selectiofSSAC) provides advice to the SSA based on the
plan should be prepared by the Program Manage&ource Selection Evaluation Board's (SSEB's)
(PM), reviewed by the Contracting Officer, andfindings and the collective experience of SSAC
approved by the Source Selection Authority (SSA)members. The SSEB generates the information the
A Source Selection Plan (SSP) generally consistSSA needs by performing a comprehensive evalu-
of three parts: ation of each offeror’s proposal. A Technical Evalu-
ation Review Team(s) evaluates the technical por-
» The first part describes the organization,tion of the proposals to support the SSEB. The
membership, and responsibilities of the sourcgrocess flow is shown in Figure 19-6.
selection team,
The PM is responsible for developing and imple-
» The second part identifies the evaluation factorsmenting the acquisition strategy, preparing the SSP,
and and obtaining SSA approval of the plan before the
formal solicitation is issued to industry. The System
» The last part establishes detailed procedures fdEngineer or technical manager supports the PM’s

the evaluation of proposals. efforts. The Contracting Officer is responsible for
preparation of solicitations and contracts, any com-
Source Selection Organization munications with potential offerors or offerors,

consistency of the SSP with requirements of the
The SSA is responsible for selecting the sourc&ederal Acquisition Regulation (FAR) and DoD
whose proposal is most advantageous to the go¥AR Supplement (DFARS), and award of the
ernment. The Source Selection Advisory Councikontract.

Source Selection
Authority

f

Source Selection
Advisory Council

?

Source Selection
Evaluation Board

Pl o

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 rela-There is not sufficient space here to attempt to ex-
tive importance, of those aspects of a proposal thdiaustively list all the factors that might influence
will be evaluated quantitatively and qualitatively tothe decision made in a source selection. The

arrive at an integrated assessment as to witich

following are indicative of some of the key

posal can best meet the Government’s need a®nsideration, however:
described in the solicitation. Figure 19-7 shows
an example of one evaluation category, life cycle
cost. The purpose of the SSP evaluation is to
inform offerors of the importance the Govern-
ment attaches tavious aspects of a proposal ande
to allow the government to make fair and reasoned
differentiation between proposals.

In general the following guidance should be used
in preparing evaluation factors:

Limit the number of evaluation factors,

Tailor the evaluation factors to the Governmens
requirement (e.g., combined message of the
SOO0/SOW, specification, CDRL, etc.), and

Cost is always an evaluation factor. The identi-
fication of the cost that is to be used and its
relative importance in rating the proposal shoulc
be clearly identified.

Is the supplier’'s proposal responsive to the
government’s needs as specified in the RFP?

Is the supplier’s proposal directly supportive of
the system requirements specified in the system
specification and SOO/SOW?

Have the performance characteristics been
adequately specified for the items proposed?
Are they meaningfulmeasurableand traceable
from the system-level requirements?

Have effectiveness factors been specified
(e.qg. reliability, maintainability, supportability,
and availability?) Are they meaningfuhea-
surable and traceable, from the system-level
requirements?

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 their proposal.
7-8 Offeror did not include a complete Life Cycle Cost analysis but has supported their
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. Evaluation Factors Example
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» Hauve 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
possible through design? system elements/components which are simi-

lar 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 ma-

trix established for each criteria, such as that shown

» Does the supplier have an adequate qualityn Figure 19-7. It is then multiplied by a weight-
assurance and statistical process contrahg factor 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 andgource 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 $core
A. Technical Requirements: 25
1. Performance Characteristics 6 4 24 5 30 5 30
2. Effectiveness Factors 3 12 16 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
6. Product Support Requirements 8 12 8
B. Production Capability 20
1. Production Layout 8 40 6 48 6 48
2. Manufacturing Process 5 10 3 15 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 16 12 12
2. Past Performance 6 5 30 30 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 fact is that, in too many cases, we are producing
excellent systems, but systems that take too long
The Acquisition Reform Environment to produce, cost too much, and are often outdated

when they are finally produced. The demand for
No one involved in systems acquisition, eitherchange has been sounded, and systems engineer-
within the department or as a supplier, can avoiéhg management must respond if change is to take
considering how to manage acquisition in theplace. The question then becomes how should one
current reform environment. In many ways, re-manage to be successful in this environment? We
thinking the way we manage the systems engineehave a process that produces good systems; how
ing process ismplicit in reforming acquisition should we change the process that has served us
management. Using performance specificationsvell so that it serves us better?
(instead of detailed design specifications), leaving
design decisions in the hands of contractorsAt the heart of acquisition reform is this idea: we
delaying government control of configuration can improve our ability to provide our users with
baselines—all are reform measures related directligighly capable systems at reasonable cost and
to systems engineering management. This text hashedule. We can if we manage design and devel-
already addressed and acknowledged managing tbpment in a way that takes full advantage of the
technical effort in a reform 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
ducing very complex systems. It is intended taakingresponsibility 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 afithis approach has been implemented in DoD, and
managed. And the process has been successfinl.other government agencies as well. In its earlier
Since the 1960s manufacturers, in concert witimplementations, several cases occurred where the
government program offices, have produced government managers, in an attempt to ensure that
series of ever-increasingly capable and reliabléhe government did not impose design solutions
systems using the processes described in this texin contractors, chose to deliberately distance the
The problem is, in too many cases, we have ovegovernment technical staff from contractors. This
laid the process with ever-increasing levels ofpresumed that the contractor would step forward
controls, reports, and reviews. The result is thato ensure that necessary engineering disciplines and
the cycle time required to produce systems hafunctions were covered. In more than one case,
increased to unacceptable levels, even as technahe evidence after the fact was that, as the
ogy life cycles have decreased precipitously. Thgovernment stepped back to a less directive role
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in design and development, the contractor did natudimentary understanding that communication
take a corresponding step forward to ensure thahvolves two elements—a transmitter and a
normal engineering management disciplines wereeceiver. Even if we have a valid message and the
included. In several cases where problems aroseapacity for expressing our positions in terms that
after-the-fact investigation showed important ele-enable others to understand what we are saying,
ments of the systems engineering process weteue communication may not take place if the
either deliberately ignored or overlooked. intended receiver chooses not to receive our mes-
sage. What can we do, as engineering managers to
The problem in each case seems to have bedwlp our own cause as far as ensuring that our
failure to communicate expectations between theommunications are received and understood?
government and the contractor, compounded by a
failure on the part of the government to ensure thatluch can be done to condition others to listen and
normal engineering management disciplines wergive serious consideration to what one says, and,
exercised. One of the more important lessonsf course, the opposite is equally true—one can
learned has been that while the systems engineagendition others to ignore what he/she says. It is
ing process can—and should be—tailored to th@rimarily a matter of establishing credibility based
specific needs of the program, there is substantian integrity and trust.
risk ignoring elements of the process. Before one
decides to skip phases, eliminate reviews, or takEirst, however, it is appropriate to discuss the
other actions that appear to deliver shortenedystems engineer’s role as a member of the man-
schedules and less cost, one must ensure thagement team. Systems engineering, as practiced
thosedecisions are appropriate for the risks thain DoD, is fundamentally the practice of engineer-
characterize the program. ing management. The systems engineer is expected
to integrate not only the technical disciplines in
Arbitrary engineering management decisions yieldeaching recommendations, but also to integrate
poor technical results. One of the primary requiretraditional management concerns such as cost,
ments inherent in systems engineering is to assesshedule, and policy into the technical manage-
the engineering management program for its comment equation. In this role, senior levels of man-
sistency with the technical realities and risks conagement expect the systems engineer to understand
fronted, and to communicate his/her findings andhe policies that govern the program, and to ap-
recommendations to management. DoD policy igreciate the imperatives of cost and schedule. Fur-
quite clear on this issue. The government is not, ithermore, in the absence of compelling reasons to
most cases, expected to take the lead in the deveéhe contrary, they expect support of the policies
opment of design solutions. That, however, doegnunciated and they expect the senior engineer to
not relieve the government of its responsibilitiesbalance technical performance objectives with cost
to the taxpayers to ensure that sound technical arehd schedule constraints.
management processes are in place. The systems
engineer must take the lead role in establishing thBoes this mean that the engineer should place his
technical management requirements for the prosebligation to be a supportive team member above
gram and seeing that those requirements are corhis ethical obligation to provide honest engineer-
municated clearly to program managers and to thimg judgment? Absolutely not! But it does mean

contractor. that, if one is to gain a fair hearing for expression
of reservations based on engineering judgment, one
Communication — Trust and Integrity must be viewed as a member of the team. The indi-

vidual who always fights the system, always ob-
Clearly, one of the fundamental requirements fojects to established policy, and, in general, refuses
an effective systems engineer is the ability to comto try to see other points of view will eventually
municate. Key to effective communication is thebecome isolated. When others cease listening, the
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communication stops and even valid points of viewwatch works, but many times communication is
are lost because the intended audience is no longenhanced and time saved by providing a confident
receiving the message—valid or not. and concise answer.

In addition to being team players, engineering?When systems engineers show themselves to be
managers can further condition others to be receptrong and knowledgeable, able to operate effec-
tive to their views by establishing a reputation fortively in a team environment, then communication
making reasoned judgments. A primary requireproblems are unlikely to stand in the way of effec-
ment for establishing such a reputation is that martive engineering management.
agers must have technical expertise. They must be
able to make technical judgments grounded in a
sound understanding of the principles that gover20.2 ETHICAL CONSIDERATIONS
science and technology. Systems engineers must
have the education and the experience that justiFhe practice of engineering exists in an environ-
fies confidence in their technical judgments. In thement of many competing interests. Cost and sched-
absence of that kind of expertise, it is unlikely thatule pressures; changes in operational threats,
engineering managers will be able to gain the rerequirements, technology, laws, and policies; and
spect of those with whom they must work. Andchanges in the emphasis on tailoring policies in a
yet, systems engineers cannot be expert in all theommon-sense way are a few examples. These
areas that must be integrated in order to create@mpeting interests are exposed on a daily basis
successful system. Consequently, systems engas organizations embrace the integrated product
neers must recognize the limits of their expertisand process development approach. The commu-
and seek advice when those limits are reachedication techniques described earlier in this chap-
And, of course, systems engineers must have buier, and the systems engineering tools described in
a reputation for integrity. They must have demon-earlier chapters of this book, provide guidance for
strated a willingness to make the principled stan@éngineers in effectively advocating the importance
when that is required and to make the tough calbf the technical aspects of the product in this envi-
even when there are substantial pressures to donment of competing interests.
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 engineerfhis question becomes especially difficult in the
ing background) is to have confidence in the posieases of product safety or when human life is at
tion being articulated and to articulate the positiorstake. There is no explicit set of rules that directs
concisely. The natural tendency of many engineerthe individual in handling issues of ethical integ-
is to put forward their position on a subject alongrity. Ethics is the responsibility of everyone on the
with all the facts, figures, data and required proofsntegrated team. Engineers, while clearly the ad-
that resulted in the position being taken. This somerocate for the technical aspects of theintgrated
times results in explaining how a watch workssolution, do not have a special role as ethical
when all that was asked was “What time is it?"watchdogs because of their technical knowledge.
Unless demonstrated otherwise, team members
will generally trust the engineer’s judgment and Richard T. De George in his article entitietthical
will assume that all the required rationale is inResponsibilities of Engineers in Large Organiza-
place, without having to see it. There are soméons: The Pinto Casanakes the following case:
times when it is appropriate to describe how théThe myth that ethics has no place in engineering

1 Ethical Issues in Engineeringohnson, Ch 15.
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has been attacked, and at least in some corners®f There must be strong evidence that making the
the engineering profession been put to rest. Another information public will in fact prevent the
myth, however, is emerging to take its place—the threatened serious harm.
myth of the engineer as moral hero.”
Most ethical dilemmas in engineering management
This emphasis, De George believes, is misplacedan be traced to different objectives and expecta-
“The zeal of some preachers, however, has gon#ons in the vertical chain of command. Higher
too far, piling moral responsibility upon moral re- authority knows the external pressures that impact
sponsibility on the shoulders of the engineerprograms and tends to focus on them. System
Though engineers are members of a profession thahgineers know the realities of the on-going
holds public safety paramount, we cannot reasordevelopment process and tend to focus on the
ably expect engineers to be willing to sacrifice theiiinternal technical process. Unless there is commu-
jobs each day for principle and to have a whistlenication between the two, misunderstandings and
ever by their sides ready to blow if their firm strayslate information can generate reactive decisions and
from what they perceive to be the morally rightpotential ethical dilemmas. The challenge for sys-
course of action.” tem engineers is to improve communication to help
unify objectives and expectations. Divisive ethi-
What then is the responsibility of engineers tocal issues can be avoided where communication is
speak out? De George suggests as a rule of thuméspected and maintained.
that engineers and others in a large organization
are morally permitted to go public with informa-
tion about the safety of a product if the following 20.3 SUMMARY
conditions are met:
The material presented in this book is focused on
1. Ifthe harm that will be done by the product tothe details of the classic systems engineering
the public is serious and considerable. process and the role of the systems engineer as the
primary practitioner where the activities included
2. If they make their concerns known to theirin that process are concerned. The systems engi-
superiors. neering process described has been used success-
fully in both DoD and commercial product devel-
3. If, getting no satisfaction from their immedi- opment for decades. In that sense, little new or revo-
ate supervisors, they exhaust the channellsitionary material has been introduced in this text.
available within the operation, including going Rather, we have tried to describe this time-proven
to the board of directors (or equivalent). process at a level of detail that makes it logical
and understandable as a tool to use to plan, design,
De George believes if they still get no action atand develop products that must meet a defined set
this point, engineers or others are morally permitof requirements.
ted to make their concerns public but not morally
obligated to do so. To have a moral obligation tdn DoD, systems engineers must assume roles of
go public he adds two additional conditions to thosengineering managers on the program or project
above: assigned. They must understand that the role of
the systems engineer is necessarily different from
4. The person must have documented evidenddat normal to the narrowly specialized functional
that would convince a reasonable, impartialengineer, yet it is also different from the role played
observer that his/her view of the situation isby the program manager. In a sense, the role of the
correct and the company policy wrong. systems engineer is a delicate one, striving to bal-
ance technical concerns with the real management
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pressures deriving from cost, schedule, and policyf the role of the systems engineer is to evaluate
The systems engineer is often the person in thgrogress, consider alternatives, and ensure the prod-
middle; it is seldom a comfortable position. Thisuct remains consistent and true to the requirements
text has been aimed at that individual. upon which the design is based. The tools and tech-
niques presented in Part 3 are the primary means
The first two parts of the text were intended to firstoy which a good engineering management effort
give the reader a comprehensive overview of sysaccomplishes these tasks.
tems engineering as a practice and to demonstrate
the role that systems engineering plays within thé&inally, in Part 4, we presented some of the
DoD acquisition management process. Part 2, isonsiderations beyond the implementation of a
particular, was intended to provide relatively de-disciplined systems engineering process that the
tailed insights into the specific activities that makeengineering manager must consider in order to be
up the process. The government systems enginesuccessful. Particularly in today’s environment
may find him/herself deeply involved in some of where new starts are few and resources often lim-
the detailed activities that are included in the proited, the planning function and the issues associ-
cess, while less involved in others. For exampleated with product improvement and integrated team
government systems engineers may find themmanagement must move to the forefront of the
selves very involved in requirements definition andsystems engineer’s thinking from the very early
analysis, but less directly involved in design synstages of work on any system.
thesis. However, the fact that government engineers
do not directly synthesize designs does not reliev&his book has attempted to summarize the primary
them from a responsibility to understand theactivities and issues associated with the conduct
process and to ensure that sound practices asmd management of technical activities on DoD
pursued in reaching design decisions. It is for thiprograms and projects. It was written to supple-
reason that understanding details of the procesaent the material presented courses at the Defense
are critical. Systems Management College. The disciplined
application of the principles associated with
Part 3 of the book is perhaps the heart of the texdystems engineering has been recognized as one
from an engineering management perspective. limdicator of likely success in complex programs.
Part 3, we have presented discussions on a seri@s always, however, the key is for the practitioner
of topics under the general heading of Systemto be able to absorb these fundamental principles
Analysis and Control. The engine that translateand then to tailor them to the specific circumstances
requirements into designs is defined by the requirezonfronted. We hope that the book will prove use-
ments analysis, functional analysis and allocationful in the future challenges that readers will face
and design synthesis sequence of activities. Muchs engineering managers.

205



Systems Engineering Fundamentals Chapter 20

206



GLOSSARY

207




Systems Engineering Fundamentals Glossary

208



Glossary

Systems Engineering Fundamentals

GLOSSARY

SYSTEMS ENGINEERING

AAAV
ACAT
ACR
AMSDL
ASR
AUPP
AWP

BL
BLRIP

C4ISR

CAD
CAE
CAIV
CALS
CAM
CASE
CATIA
CCB
CCR
CDR
CDRL
CDS
CE

FUNDAMENTALS

Advanced Amphibious Assault Vehicle
Acquisition Category

Alternative Concept Review

Acquisition Management Systems Data List
Alternative Systems Review

Average Unit Procurement Price

Awaiting Parts

Baseline

Beyond Low Rate Initial Production

Command, ontrol, Communications, Computers, Intelligence,
and Reconnaissance

Computer-Aided Design

Computer-Aided Engineering

Cost As an Independent Variable

Continuous Acquisition and Life Cycle Support
Computer-Aided Manufacturing
Computer-Aided Systems Engineering
Computer-Aided Three-Dimensional Interactive Application
Configuration Control Board

Contract Change Request

Critical Design Review

Contract Data Requirement List

Concept Design Sheet

Concept Exploration

209



Systems Engineering Fundamentals Glossary

CEO

Cl

Circular A-109
CM

CM

COTS

CSCl

CWwiI

DAU

DCMC

DDR

DFARS

DID

DoD
DoD 5000.2-R

DoDISS
DSMC
DT
DTC
DT&E

EC
ECP
EDI

EIA
EIA IS 632
EIA IS-649

EOA

Chief Executive Officer

Configuration Item

Major Systems Acquisitions
Configuration Management

Control Manager

Commercial Off-The-Shelf

Computer Software Configuration Item

Continuous Wave lllumination

Defense Acquisition University

Defense Contract Management Command

Detail Design Review

Defense Supplement to the Federal Acquisition Regulation
Data Item Description

Department of Defense

Mandatory Procedures for Major Defense Acquisition Programs (MDAPSs), and
Major Automated Information System Acquisition Programs (MAIS)

DoD Index of Specifications and Standards
Defense Systems Management College
Developmental Testing

Design To Cost

Developmental Test and Evaluation

Engineering Change
Engineering Change Proposal
Electronic Data Interchange

Electronic Industries Alliance
Electronic Industries Association Interim Standard 632, on Systems Engineering

Electronic Industries Association Interim Standard 649, on Configuration
Management

Early Operational Assessments
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FAR Federal Acquisition Regulation
FCA Functional Configuration Audit
FEO Field Engineering Order
FFBD Functional Flow Block Diagram
FIPS Federal Information Processing Standard
FMECA Failure Modes, Effects, and Criticality Analysis
FOT&E Follow-On Operational Test and Evaluation
FOR Formal Qualification Review
GFE Government Furnished Equipment
GFM Government Furnished Material
ICD Interface Control Documentation
ICWG Interface Control Working Group
IDE Integrated Digital Environment
IDEF Integration Definition Function
IDEFO Integrated Definition for Function Modeling
IDEF1x Integration Definition for Information Modeling
IEEE Institute of Electrical and Electronics Engineers
IEEE/EIA 12207 IEEE/EIA Standard 12207, Software Life Cycle Processes
IEEE P1220 IEEE Draft Standard 1220, Application and Management of the Systems
Engineering Process
IFB Invitation for Bid
IIPT Integrating Integrated Product Teams
IMS Integrated Master Schedule
IOC Initial Operational Capability
IOT&E Initial Operational Test and Evaluation
IPPD Integrated Product and Process Development
IPR In-Progress/Process Review
IPT Integrated Product Teams
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JASSM
JROC
JTA

KPPs

LFT&E
LRU
LRIP

M&S

MAIS

MAISRC
MBTF

MDA

MDAP
MIL-HDBK-61
MIL-HDBK-881
MIL-STD 499A
MIL-STD-961D
MIL-STD 962
MIL-STD-973
MNS

MOE

MOP

MOS

MRP I

MS

MTTR

NDI
NIST

Joint Air-to-Surface Standoff Missile
Joint Requirements Oversight Council

Joint Technical Architecture

Key Performance Parameters

Live Fire Test and Evaluation
Line-Replaceable Unit

Low Rate Initial Production

Modeling and Stimulation

Major Automated Information System

Major Automated Information Systems Review Council

Mean Time Between Failure

Milestone Decision Authority

Major Defense Acquisition Program

Military Handbook 61, on Configuration Management

Military Handbook 881, on Work Breakdown Structure

Military Standard 499A, on Engineering Management

Military Standard 961D, on Standard Practice for Defense Specifications
Military Standard 962, on Format and Content of Defense Standards
Military Standard 973, on Configuration Management

Mission Need Statement

Measure of Effectiveness

Measure of Performance

Measure of Suitability

Manufacturing Resource Planning

Milestone

Mean Time To Repair

Non-Developmental Item

National Institute of Standards and Technology
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NRTS

OA
OIPT
OMB

OPS
ORD

OSD
OT&E

P3I
PAR
PCA
PDR

PDRR
PEO
PM
PME
PMO
PMT
PPBS
PRR

QA
QFD

R&D
RAS
RCS

RDT&E
RFP

Not Repairable This Station

Operational Assessment

Overarching Integrated Product Teams
Office of Management and Budget
Operations

Operational Requirements Document
Office of the Secretary of Defense

Operational Test and Evaluation

Preplanned Product Improvement
Production Approval Reviews

Physical Configuration Audit
Preliminary Design Review

Program Definition and Risk Reduction
Program Executive Office

Program Manager

Program/Project Manager — Electronics
Program Management Office

Program Management Team

Planning, Programming and Budgeting System

Production Readiness Review

Quality Assurance

Quality Function Deployment

Research and Development

Requirements Allocation Sheets

Radar Cross Section

Research, Development, Test and Evaluation

Request for Proposal
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S&T
SBA
SBD
SD&E
SDefR
SDR
SE
Section L
Section M
SEDS
SEMS
SEP
SFR
Sl
SI&T
SO0
SOwW
SPEC
SSA
SSAC
SSEB
SSP
SSR
SRR
SRU
STD
SVR
SIW

Science and Technology

Simulation Based Acquisition

Schematic Block Diagram

System Development and Demonstration

System Definition Review (as referred to in IEEE P1220)
System Design Review

Systems Engineering

Instructions to Offerors (Portion of Uniform Contract Format)
Evaluation Criteria (Portion of Uniform Contract Format)
Systems Engineering Detail Schedule

Systems Engineering Master Schedule

Systems Engineering Process

System Functional Review

Software Item

System Integration and Test

Statement of Objectives

Statement of Work

Specification

Source Selection Authority

Source Selection Advisory Council

Source Selection Evaluation Board

Source Selection Plan

Software Specification Review

System Requirements Review

Shop-Replaceable Unit

Standard

System Verification Review

Software
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T&E
TDP
TEMP
TLS
TOC
TPM
TPWG
TRR

VV&A

WIPT

Test and Evaluation

Technical Data Package

Test and Evaluation Master Plan
Timeline Analysis Sheet

Team Operating Contract

Technical Performance Measurement
Test Planning Work Group

Test Readiness Review

Verfication, Validation, and Accreditation

Working-Level Integrated Product Team
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