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FOREWORD

1. This handbook is approved for use by all Departments and Agencies of the Department of
Defense (DoD). It was developed by the DoD with the assistance of the military departments,
federal agencies, and industry and replaces in their entirety Military Handbooks 470 and 471
(both formerly military standards). The handbook provides guidance to maintainability managers
and engineers in developing and implementing a sound maintainability program for all types of
products.

2. This handbook is for guidance only. This handbook cannot be cited as a requirement. If it is,
the contractor does not have to comply.

3. Maintainability is a discipline that has become more importance over the past 30 years as
military systems became more complex, support costs increased, and defense budgets decreased.
It is also important in the commercial sector, where high levels of maintainability are increasingly
becoming an important factor in gaining customer loyalty. In fact, American products that once
were shunned in favor of foreign alternatives recently have made or are making a comeback. This
shift in consumer preferences has been directly attributed to significant improvements in the
quality of the American products, a quality that includes good maintainability.

4. Despite the fact that maintainability has been a recognized discipline for much longer than 30
years, achieving the high levels of maintainability needed in military and complex industrial
systems is too often an elusive goal. System complexity, competing performance requirements,
the rush to incorporate promising but immature technologies, and the pressures of acquisition
budget and schedule contribute to this elusiveness.

5. Noting the significant improvement in the quality of commercial products and the rapidity
with which new technology is incorporated in commercial products, and facing a shrinking
defense budget, the Department of Defense changed its acquisition policies to foster the
evolution of a unified military and commercial industrial base. The objective is to capitalize on
the "best practices" that American business has developed or adopted, primarily in response to
foreign competitive pressures. When combined with the knowledge and expertise of military
contractors in building complex, effective military systems (soundly demonstrated during Desert
Storm), these commercial practices will help the Department of Defense to acquire world-class
systems on time and within budget.

6. The information in this handbook reflects both the move to incorporate commercial practices
and the lessons learned over many years of acquiring weapon systems "by the book." When
appropriate, commercial standards are cited herein for reference. Military standards and
specifications, which cannot be used as requirements in solicitations without obtaining a waiver,
are also cited for guidance. These documents are familiar to both military and commercial
companies, contain a wealth of valuable information, and often have no commercial counterpart.
Whereas many of these documents emphasize what to do and how to do it, this handbook, in the
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spirit of the new policies regarding acquisition, focuses on the objectives of a sound
maintainability program and the tools available to meet these objectives.

7. Beneficial comments (recommendations, additions, deletions) and any pertinent data which
may be useful in improving this document should be addressed to: Rome Laboratory/ERSR, 525
Brooks Road, Rome, NY 13441-4505. Comments should be submitted using the self-addressed
Standardization Document Improvement Proposal (DD Form 1426) appearing at the end of this
document or by letter.
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SECTION ONE
1.0 SCOPE AND PURPOSE OF HANDBOOK.

1.1 Scope. Unlike previous handbooks which focused only on maintainability, this document
provides information to help the reader view maintainability in the context of an overall systems
engineering effort. The handbook defines maintainability, describes its relationship to other
disciplines, addresses the basic elements common to all sound maintainability programs,
describes the tasks and activities associated with those elements, and provides guidance in
selecting those tasks and activities. Due to the many aspects of maintainability and the large
number of related disciplines, the depth in which some topics are covered is necessarily limited.
Table I summarizes where the scope of the coverage of key topics is limited. Whenever possible,
references are given in the text to documents having more detailed information on a topic.

TABLE 1. Scope of Key Topics.

Topic Scope Limited To

Availability and Readiness Basic concepts, effect of maintainability.

Life Cycle Costs Basic definitions, description of effect of maintainability on various cost
elements.

Manufacturing Description of impact of manufacturing on maintainability.

Human Engineering Description of human engineering discipline and relationship to
maintainability.

Safety Description of relationship to maintainability.

Testability Definition as subset of maintainability, description of concepts, general

information on key issues, design techniques and guidelines, definitions of
metrics, and demonstration testing (Appendix B). Testability is covered in
more detail in other handbooks and standards such as MIL-HDBK-2165.

Logistics Support General discussion with emphasis on how it is affected by maintainability.
Reliability-centered Maintenance | Introduction with general procedure outlined.
Predictions Description of applications with the most used method from MIL-HDBK-

472 included in Appendix D.

This Appendix is for guidance only and cannot be cited as a requirement. If it is, the contractor
does not have to comply.

1.1.1 Purpose of the Handbook. This handbook has four purposes:

1. To provide insight into the reasons for specifying maintainability in a product'
development program and to describe the structural elements of a sound maintainability
program

2. To describe the design, test, and management tasks and activities that can be conducted
to meet the objective and achieve the required levels of maintainability and how to
incorporate these tasks in a tailored program

'The general term "product" will be used to mean system, equipment, or item. It could be a vehicle, a
transmission, or an engine, whatever is being developed for the customer.
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3. To provide guidance for structuring a Government solicitation to ensure that these tasks
and activities are addressed

4. To provide guidance for evaluating how well maintainability is addressed in proposals
submitted in response to a Government solicitation

1.1.2 Using the Handbook. Maintainability managers and engineers” should use this document
when developing and implementing a sound maintainability program. It does not prescribe a set
of tasks that must be included for every product development effort but describes those
objectives common to all maintainability programs. It then provides guidance in selecting only
those tasks that best support the achievement of those objectives for the product development
effort in question. The handbook emphasizes and encourages the tailoring of each maintainability
program to account for schedule and budget constraints, technical risk, and customer needs and
requirements. Even though templates are provided to assist in developing the maintainability
portions of a statement of work and specification, they should not be used in "boilerplate"
fashion. To assist the reader in structuring an effective maintainability program, Tables II and III
are provided. Table II is an overview of maintainability tasks and activities and relates them to
the maintainability elements discussed in Section 4 of the handbook. Table III relates
maintainability activities to representative supplier/product classifications.

Although the principal maintainability tasks used in product development efforts are described in
this handbook, the reader is also referred to other documents for detailed "how to" procedures.
Detailed design guidelines, prediction methodology, acquisition guidance, and test methods and
plans are included as appendixes A through E. Appendix F lists all references and also includes a
listing of maintainability software tools.

As an aid to those readers familiar with the former MIL-STD-470B (reissued as MIL-HDBK-
470 in June 1995), task cross references are provided in Table IV.

1.2 Applicable Documents. See Appendix F.

(NOTE: Text continues with Section 1.5 following Tables II, III, and 1V.)

2 Many companies may not use the job titles "maintainability engineer" or "maintainability manager." In many
cases, specialists in maintainability have been replaced by designers or other engineers who are assigned the
responsibility for maintainability. For convenience, "maintainability engineer" and "maintainability manager" are
used interchangeably in this handbook.
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TABLE II. Maintainability and Related Tasks.

Type
of
Activity

Tasks and Description

Relevant to Elements

Understand
Needs
Understand
the Design
Design for
Maintain.
Validate
Maintain.
Monitor
Opnl. Perf.

ZO~nEY

Testability and Diagnostics. Designing and incorporating features for
determining and isolating faults.

o

Design Reviews. Formal or informal independent evaluation and critique of
a design to identify and correct hardware or software deficiencies.

>
>~
>~

Environmental Characterization. Determination of the operational
environment in which maintenance is expected to be performed.

Supplier Control. Monitoring suppliers' activities to assure that purchased
hardware and software will have adequate maintainability.

Standardization and Interchangeability. Designing for the use of and
incorporating common items. Designing so items can be exchanged
without alteration or change.

Human Engineering. Designing equipment so that they may be safely,
easily, and efficiently used, operated, and maintained by the human
element of the system.

»n = L Z

Testability. Systematically determining the coverage and adequacy of fault
detection and isolation capability. Includes dependency and fault
modeling.

Human Factors. Analyzing the design to ensure strength, access, visibility
and other physical and psychological needs/limitations of users, operators,
and maintainers are adequately addressed.

Equipment Downtime Analysis. Determine and evaluate the expected
time that system will not be available due to maintenance or supply.

Failure Modes, Effects & Criticality Analysis (FMECA). Systematically
determining the effects of part or software failures on the product's ability
to perform its function. This task includes FMEA.

Failure Reporting Analysis & Corrective Action System (FRACAS). A
closed-loop system of data collection, analysis and dissemination to
identify and improve design and maintenance procedures.

Life Cycle Planning. Determining maintainability and other requirements
by considering the impact over the expected useful life of the product.

Modeling & Simulation. Creation of a representation, usually graphical or
mathematical, for the expected maintainability of a product, and validating
the selected model through simulation.

Parts Obsolescence. Analysis of the likelihood that changes in technology
will make the use of a currently available part undesirable.

Predictions. Estimation of maintainability from available design, analysis
or test data, or data from similar products.

Repair Strategies. Determination of the most appropriate or cost effective
procedures for restoring operation after a product fails.

Quality Function Deployment. Determine product design goals (i.e.,
product maintainability) from the user's operational requirements.

Allocations. Apportion system-level or product-level maintainability
requirements to lower levels of assembly.
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TABLE II. Maintainability and Related Tasks. (continued)

Type
of
Activity

Relevant to Elements

Tasks and Description

Understand
Needs
Understand
the Design
Design for
Maintain.
Validate
Maintain.
Monitor
Opnl. Perf.

- -

Functional Test. Verify product is behaving as intended. Of interest to
maintainability engineer are issues related to human factors.

<
<

Performance Test. Verifying that the product meets its performance
requirements, including maintainability.

<
<
>

Verification Test. Testing performed to determine the accuracy of and to
update the analytical data obtained from engineering analysis.

Demonstration. Formal process conducted by product developer and end
customer to determine if specific maintainability requirements have been
achieved. Usually performed on production or pre-production items.

Evaluation. Process for determining the impact of operational and
maintenance and support environments on the maintainability performance of]
the product.

Test Strategy and Integration. Determine most effective and economical
mix of tests for a product. Ensure integration of tests to minimize
duplication and maximize use of test data.

AEI=0

Benchmarking. Comparison of a supplier's performance attributes to its
competitors' and to the best performance achieved by any supplier in a
comparable activity.

Statistical Process Control (SPC). Comparing the variability in a product
against statistical expectations, to identify any need for adjustment of the
production process.

Market Survey. Determining the needs and wants of potential customers,
their probable reaction to potential products, and their level of satisfaction
with existing products.

Inspection. Comparing a product to its specifications, as a quality check.

1-4




MIL-HDBK-470A

TABLEIIl. Program Activity Characteristics and Guidelines for Supplier-Product

Classifications.
Product Characteristics
* Product Tech- | Unit [Quan-| Safety | Program| Program Activity Characteristics/Guidelines
Classification nology| Cost | tities | Concerns| Issue
Passive Items Low | Low| Large| None |Reqmts |Customer doesn't specify requirements; suppliers
* Dry goods to determine quality goals through QFD, surveys,
* Books Low competitor benchmarking, warranty data, etc.
* Handtools Design [Maintainability may not be addressed as a separate
* Furniture function but as part of product quality. Safety and
recycling are considerations.
Assess |No separate maintainability analyses usually apply.
Warranty data and experience tracked.
Measure |For products in which quality is driver, none. For
G others in which service life is a consideration,
E analysis, test, or both can be used.
N Ensure [Market dictates length of service. Overdesign
E typical.
R |Consumer Products | Low |Mod.| Mod. Low |Reqmts |Supplier determines requirements based on customer
A| < Appliances to to to needs. Tailors to warranty requirements and
L| <+ Power tools Mod. Large| Mod. competitive comparable products.
* Cameras Design |Limited maintainability practices used.
P| + Computers Assess | Predictions and modeling possibly beneficial.
U| - Electronics Measure |Some safety testing may be required by law. Some
B environmental testing may be appropriate. Formal
L maintainability testing not normally performed.
I Ensure [Short term warranty may be appropriate.
C |Consumer Durables | Mod. | Mod.| Mod. Low |[Reqmts |Maintainability program recommended with
* Automobiles to to to allocated goals.
* Boats High| Large| High |Design [Product quality and price prime drivers. Small
number of design teams with few members.
Testability and diagnostics of some importance.
Material selection and processes used are important.
Life considerations important.
Assess |Predictions and modeling should be used. FMEAs
and testability analyses should be performed.
Significant testing used to assess progress.
Measure [More extensive environmental and some
developmental testing usually appropriate.
Ensure |Warranty and service contracts applicable.
Passive Items Low | Low| Large| None |Reqmts |Customer doesn't specify requirements; suppliers
* Dry goods to determine quality goals through QFD, surveys,
I| -« Books Low competitor benchmarking, warranty data, etc.
N| - Handtools Design [Maintainability may not be addressed as a separate
D| -« Furniture function but as part of product quality. Safety and
U recycling are considerations.
S Assess |No separate maintainability analyses usually apply.
T Warranty data and experience tracked.
R Measure |For products in which quality is driver, none. For
1 others in which service life is a consideration,
A analysis, test, or both can be used.
L Ensure |[Market dictates length of service. Overdesign
typical.

* Supplier Classification
Note: The activity characteristics and guidelines from one classification of product to the next within a given supplier classification are

additive. For example, the program activity characteristics and guidelines for Industrial Light Equipment include all those stated for Industrial
Passive Items.

1-5



MIL-HDBK-470A

TABLEIIl. Program Activity Characteristics and Guidelines for Supplier-Product
Classifications. (continued)
Product Characteristics
* Product Tech- | Unit [Quan-| Safety | Program| Program Activity Characteristics/Guidelines
Classification nology| Cost | tities | Concerns| Issue
Light Equipment Low |Mod.| Large| Mod. |Reqmts |Customer may specify requirements for unique needs.
* Computers Most goals internally developed for market.
* Printers Design [Quality, service life, material selection, parts control
* Engines and environment are typical concerns. Testability
* Recorders and diagnostics of some importance.

Assess |Modeling usually done to scope design and
understand interdependencies. Predictions possibly
needed. FMEA and testability analyses should be
considered.

Measure |Development testing may be effective for high
quantities and severe operations.

Ensure |Statistical process control important to control
variability.

Heavy Equipment Low |Mod.| Mod. Mod. |[Reqmts |[Translation of customer expressed needs to design

» Elevators to to to specs needed. Surveys, QFD, & competitor

* Escalators Mod. |High High benchmarking often beneficial. Government safety

* Boilers requirements common. Allocation of requirements

* Transformers usually required. Comprehensive maintainability

program recommended.

I Design | Although quality is important, service life is a
N driver. Few to many design teams with many
D members.
U Assess |Modeling is important and FMEA used to
S understand maintenance and diagnostics needs.
T Safety, availability & operating costs very important,
R Customer may require specific analyses.
I Measure |Safety testing common. Customers may require formall
A demonstrations. Some simulation may be
L appropriate.

Ensure |Warranties apply; ability to repair is important;

maintenance reporting is strongly recommended.
Industrial Systems High |High| Small | High |Reqmts [Risks need identification, trade analysis may be
* Aircraft to to needed. Allocation of requirements may be needed.
* Railroad engines Mod. | Critical | Design |Safety, availability, operating costs and service life
» Satellites are drivers. Few to many design teams with many
* Medical equip. members. Built-in test of importance.

Assess |Modeling, testability analysis, and FMEA are
essential to understand maintenance and diagnostics
needs. Customer may require specific analyses.

Measure |Qualification test may be considered.

Ensure [Obsolete parts and wearout are a concern. Audits
and inspections are useful.

Structures/Facilities|] Low | High| Small High |Regmts |Extremely long service life requirements.
* Bridges to Design |Service life and safety essential. Maintainability is
* Train tracks High important as it supports these requirements. Few to
* Airport many design teams.
* Building power Assess | Materials selection critical.
plants Measure |Extensive model testing & simulation usually
* Chemical plants effective.
Ensure |Periodic safety inspections or performance audits.

* Supplier Classification

Note: The activity characteristics and guidelines from one classification of product to the next within a given supplier classification are
additive. For example, the program activity characteristics and guidelines for Industrial Light Equipment include all those stated for Industrial

Passive Items.
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TABLEIIl. Program Activity Characteristics and Guidelines for Supplier-Product
Classifications. (continued)
Product Characteristics
* Product Tech- | Unit| Quan-{ Safety |Program Program Activity Characteristics/Guidelines
Classification | nology| Cost| tities | Concerns| Issue
I |Passive Items Low | Low| Large] None |Reqmts | Customer doesn't specify requirements; suppliers
N| ¢ Uniforms to determine quality goals through QFD, surveys,
D| ¢ Food Low competitor benchmarking, warranty data, etc.
U| -+ Helmets Design | Maintainability may not be addressed as a separate
S| e« Desks function but as part of product quality. Safety and
T| + Dry goods recycling are considerations
R Assess | No separate maintainability analyses usually apply.
1 Warranty data and experience tracked.
A Measure | For products in which quality is driver, none. For
L others in which service life is a consideration,
analysis, test, or both can be used.

Ensure | Market dictates length of service. Overdesign typical.

Small Weapon Low | Mod.| Large] Low |Reqmts |[Customer usually specifies field maintainability re-
Systems to to quirements in his terms, translation to design speci-

» Rifles High High fications needed. Allocation of requirements usually

* Radios needed. Maintainability program recommended.

* Munitions Design | Parts and material selection important. Testability
and diagnostics are important. Many design teams
with many members. Conservative safety margins
used.

Assess | Predictions usually performed, and sometimes
FMECASs and testability analyses.

Measure | Government-mandated formal demonstrations
common. Sample testing may be effective in
production.

M Ensure | Statistical process control valuable. FRACAS is a

I must.

L | Critical Weapon High | High| Small| High |[Reqmts |Comprehensive program required. Customer specifica
I |Systems to to tions need to be translated and allocated. Require-

T| < Radars Mod. | Critical ments need to be flowed-down to subcontractors.

A| < Tanks Design | System must be modeled. Part and material

R| -+ Aircraft engines application critical to success. Integrated diagnostics|
Y| ¢ Smart munitions and BIT may be important.

Assess | Predictions, testability analyses, and FMECAs
necessary. Environment assumptions must be valid.

Measure |Developmental component, subsystem, and some
product-level testing should be required. Model
testing and simulation may be beneficial.

Ensure | Warranties and part obsolescence should be
considered. Repair and service strategy important.

Strategic Weapon High | High| Small High |Reqmts | Extensive allocation of requirements to subsystems
Systems to and components required. Risks need identification.

* Ships Critical Trade analysis should be performed. Comprehensive

* Aircraft program required.

+ Satellites Design | Safety and periods of failure-free operation are big

* Submersibles drivers. Modeling and predictions are necessary.
Integrated diagnostics and BIT are essential.

Assess | Predictions and FMEAs usually performed. Emphasis
on safety.

Measure | Extensive and rigorous testing effective.

Ensure | Periodic or continual audits and/or inspections may
be beneficial. Lifetime extension often required.

* Supplier Classification

Note: The activity characteristics and guidelines from one classification of product to the next within a given supplier classification are
additive. For example, the program activity characteristics and guidelines for Industrial Light Equipment include all those stated for Industrial

Passive Items.
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TABLE IV. Task Cross Reference: Old MIL-HDBK-470 to New MIL-HDBK-470A.

Tasks from Old MIL-HDBK-470
MIL-ADBI-470A 1 101 | 102 | 103 | 104 | 201 | 202 | 203 | 204 | 205 | 206 | 207 | 301
ection
4.2 Management X X X
Approach
4.3 Design for M(t) X X X X X X X X
4.4.1 Analysis X X X X X X X
4.4.2 Test X X
4.5 Data Collection X X X X
and Analysis
Appendix B X
Appendix C X
Appendix D X X
Tasks: 101 - Program Plan 203 - Maintainability Predictions

102 - Monitor and Control Subcontractors

103 - Program Reviews

104 - Data Collection, Analysis, & Corrective Action
201 - Maintainability Modeling

202 - Maintainability Allocations

204 - Failure Modes and Effects Analysis

205 - Maintainability Analysis

206 - Maintainability Design Criteria

207 - Maintenance Plan & LSA Inputs

301 - Maintainability & Testability Demonstration

1.3 Definitions, Acronyms and Abbreviations. The following acronyms and abbreviations
are used within the main handbook. Definitions and additional maintainability and testability
related acronyms and abbreviations may be found in Appendix G: Glossary.

MCMT,,

Al
A.

1

AIAG
ANSI

ARINC
ASIC
ATA
AWM
AWP

BIT
BITE

CAD
CAM
CID
CM
CND
COTS
CRT

Maximum Corrective Maintenance Time at a 95% Confidence Level

Artificial Intelligence
Inherent Availability

Automotive Industries Action Group
American National Standards Institute

Operational Availability

Aeronautical Radio Incorporated

Application Specific Integrated Circuit

Air Transportation Association
Awaiting Maintenance (Time)
Awaiting Parts (Time)

Built-in-test
Built-in-test Equipment

Computer-aided-design
Computer-aided-manufacturing
Commercial Item Description
Corrective Maintenance
Cannot Duplicate

Commercial off-the-shelf
Cathode Ray Tube
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DAR
DMH
DMH/MA
DoD
DoDISS
DT

DT&E

EMD
EMI
EMT
ETE
ETI

FAR

FD
FD&I
FFD

FFI

FI
FMEA
FMECA
FRACAS
FSC
FTA

HE

IC

IEC
IEEE
ILS
IOT&E
IPD

LRU
LSA

MA
MACMT
MAISAP
MDAP
MDS

MIL-HDBK-470A

Defense Acquisition Reform

Direct Maintenance Hours

Direct Manhours per Maintenance Action
Department of Defense

Department of Defense Index of Specifications and Standards
Downtime

Development Test and Evaluation

Engineering and Manufacturing Development
Electromagnetic Interference

Elapsed Maintenance Time

External Test Equipment

Elapsed Time Indicator

False Alarm Rate

Fault Detection

Fault Detection and Isolation

Fraction of Faults Detectable

Fraction of Faults Isolatable

Fault Isolation

Failure Modes and Effects Analysis

Failure Modes, Effects and Criticality Analysis
Failure Reporting, Analysis, and Corrective Action System
Federal Stock Class

Fault Tree Analysis

Human Engineering

Integrated Circuit

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Integrated Logistics Support

Initial Operational Test and Evaluation
Integrated Product Team

Line Replaceable Unit
Logistic Support Analysis

Maintenance Action

Mean Active Corrective Maintenance Time
Major Automated Information System Acquisition Programs
Major Defense Acquisition Programs
Mission/Design/Series



MDT
MICAP
MLH

MMax‘D
MMH/Repair
MMH/FH
MMH/OH
MR
MTBF
MTBM
MTBPM
MTTR
MTTRF
MTTRS
MTTS
MTUT

NASA
NATO
NDI
NRTS

o&M

P&C
PAT
PCB
PM
PR&P

RAC
RAMS
R&D
R&M
RCM
RFP
RI

R/R
RTOK
RU

SAE
SMD

MIL-HDBK-470A

Mean Downtime

Mission Capability

Mean Maintenance Labor Hours

Maximum Maintenance Time at a Specified Confidence Level

Mean Manhours per Repair

Mean Manhours per Flying Hour

Mean Manhours per Operating Hour
Maintenance Rate

Mean Time Between Failures

Mean Time Between Maintenance

Mean Time Between Preventive Maintenance
Mean Time To Repair

Mission Time to Restore Functions

Mean Time to Restore System

Mean Time To Service

Mean Equipment Corrective Maintenance Time To Support a Unit of
Operating Time

National Aeronautics and Space Administration
North Atlantic Treaty Organization
Non-developmental Item

Not Repairable This Station

Operation and Maintenance

Production and Construction
Process Action Team

Printed Circuit Board

Preventive Maintenance

Product Retirement and Phase-out

Reliability Analysis Center

Reliability and Maintainability Symposium
Research and Development

Reliability and Maintainability
Reliability-centered Maintenance

Request for Proposal

Replaceable Item

Remove and Replace

Retest OK

Replaceable Unit

Society of Automotive Engineers
Surface Mount Device
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SO0
SOW
SPS
SRD
STAMP
STAT

TR
TSMD

WSTA
WUC

MIL-HDBK-470A

Statement of Objective

Statement of Work

Standard Performance Specification

Standard Reference Designator

System Testability and Maintenance Program
System Testability Analysis Tool

Technical Report
Time Stress Measurement Device

Virtual Environment
Virtual Reality

Weapon System Testability Analyzer
Work Unit Code

I-11



MIL-HDBK-470A

This page has been left blank intentionally.

1-12



MIL-HDBK-470A

SECTION TWO
2.0 THE CONCEPT OF MAINTAINABILITY.

What is maintainability and why is it important? Is maintainability related to reliability, weight,
safety, purchase price, ease of manufacture, finish, functional performance, and other
requirements? As explained in this introduction, if a product is to be maintainable, the concept of
maintainability, its relationship to other disciplines, and its contribution to product value must be
understood by the maintainability engineer and design team.

2.1 What is Maintainability? Different textbooks and other reference documents define
maintainability in slightly different ways. However, consolidating the ideas in these definitions
yields the following definition:

Maintainability. The relative ease and economy of time and resources with which an
item can be retained in, or restored to, a specified condition when maintenance is
performed by personnel having specified skill levels, using prescribed procedures and
resources, at each prescribed level of maintenance and repair. In this context, it is a
function of design.

In succeeding sections, this definition will be examined in more detail. For now, it is sufficient to
note that maintainability, a design characteristic, concerns the relative ease and cost of preventing
failures (retaining an item in a specified condition) or correcting failures (restoring an item to a
specified condition) through maintenance actions®.

Maintainability is a design parameter. Although other factors, such as highly trained people and
a responsive supply system, can help keep downtime to an absolute minimum, it is the inherent
maintainability that determines this minimum. Improving training or support cannot effectively
compensate for the effect on availability of a poorly designed (in terms of maintainability)
product. Minimizing the cost to support a product and maximizing the availability of that
product are best done by designing the product to be reliable and maintainable.

Testability, an important subset of maintainability, is a design characteristic that allows the
status (operable, inoperable or degraded) of an item to be determined, and faults within the item
to be isolated in a timely and efficient manner. The ability to detect and isolate faults within a
system, and to do so efficiently and cost effectively, is important not only in the field, but also
during manufacturing. All products must be tested and verified prior to release to the customer.
Paying attention to testability concerns up front will pay benefits during the testing phases of
manufacturing. Therefore, a great deal of attention must be paid to ensuring that all designs
incorporate features that allow testing to occur without a great deal of effort. Design guides and
analysis tools must be used rigorously to ensure a testable design. Not doing so leads to greater
costs in the development of manufacturing and field tests, as well as in the development of test

3 In designing for maintainability, we want to develop a product that is serviceable (easily repaired) and
supportable (can be cost-effectively kept in or restored to a usable condition).
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equipment. Trade-offs must be made up front on the use of built-in-test (BIT) versus other
means of fault detection and isolation. Further, the expected percentage of faults that can be
detected and isolated to a specified or desired level of ambiguity must be determined as an
important input to the logistics analysis process. The consequences of poor testability are higher
manufacturing costs, higher support costs, and lower customer satisfaction.

No matter how they may define maintainability, commercial and military users measure the
performance of products in their own ways, to suit their own needs. A car owner may be most
concerned with low cost of operation and few visits to the repair shop. An airline may be most
concerned with staying on schedule. These measures may or may not include factors totally
determined by the design. So, the way in which a customer measures the maintainability of a
product in use may not be meaningful to a designer, and a translation from the user's measures to
measures more appropriate for design may be needed. Table V shows how operational (the
user's) maintainability and design maintainability differ. Also see Appendix A.

TABLE V. Operational and Design Maintainability Contrasted.

Design Maintainability Operational Maintainability

+ Used to define, measure and evaluate + Used to describe performance when operated in planned
supplier's program environment

* Derived from operational needs » Not normally appropriate for contract requirements

+ Selected such that achieving them allows + Used to describe needed level of maintainability performance
projected satisfaction of operational in actual use
maintainability

» Expressed in design parameters + Expressed in operational values

* Includes only effects of design and * Includes combined effects of item design, quality, installation
manufacturing environment, maintenance policy, repair, delays, etc.

+ Typical terms + Typical terms
- MTTR (mean-time-to-repair) - MDT (mean-downtime)
- Aj (inherent availability) - Ao (operational availability)

2.2 Effect of Maintainability on Operations and Costs. Maintainability is a measure of a
product's performance that affects both mission accomplishment and operations and maintenance
costs. Too often we think of performance only in terms of speed, capacity, range, and other
"normal" measures. However, a product that requires an inordinate amount of time or other
resources to remain in an operable state or to be repaired (i.e., poor maintainability) will either be
unavailable when needed or unaffordable.

2.2.1 Operations. Maintainability is important to operations, or mission accomplishment,
because it directly affects product availability. Products that never fail would always be available
for use, but such products are rare. When a product fails, it must be restored to a functional
state as quickly as possible. Regardless of whether components of a product are repairable or
not (i.e., they may be throwaway items), it is important that failures can be economically
diagnosed and components quickly removed and replaced. Of course, an entire product may not
be designed to be repairable; economics may dictate total replacement. Even in these cases, the
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product may require calibration or servicing of some type; so maintainability is still an important
consideration.

2.2.1.1 Relationship of Reliability and Maintainability. Reliability and maintainability
(R&M) are often considered to be complementary disciplines. To understand why, consider the
equation for inherent availability (equation 1). Inherent availability reflects the percent of time a
product would be available if no delays due to maintenance, supply, etc. (i.e., not design-related)
were encountered.

_ MTBF < 100% (Equation 1)

Ai
MTBF + MTTR

where MTBF is the mean time between failure
and MTTR is the mean time to repair

If the product never failed, the MTBF would be infinite and A, would be 100%. Or, if it took

no time at all to repair the product, MTTR would be zero and again the availability would be
100%. As shown in Figure 1, a given level of A, (see the next section for a discussion of

availability) can be achieved with different values of R&M. As reliability decreases, better
maintainability is needed to achieve the same availability and vice versa.

1001 § ¢

MTBF (in hours)

t + t + 1 t 1
0 0.041 0.081 0.121 0.161 0.201 0.241 0.281 0.321

1/MTTR (in inverse of hours)

(Increasing Maintainability »

FIGURE 1. Different Combinations of MTBF and MTTR Yield the Same Inherent
Availability.
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This complementary relationship is important because it means that trades can be made between
the two requirements when the end objective is a given availability. For example, if achieving a
given level of reliability is too costly or technically difficult, it may be possible to achieve a given
availability by increasing the maintainability requirement, and vice versa. Also, some reliability
analyses, such as the Failure Modes and Effects Analysis (FMEA), provide data needed by the
maintainability engineer. If for no other reason than these, the maintainability and reliability
engineers must work hand-in-hand to ensure that the product meets the R&M requirements.

2.2.1.2 Availability and Operational Readiness. Operational availability is similar to
inherent availability but includes the effects of maintenance delays and other non-design factors.
The equation for operational availability, or A, is:

A = MTBM (Equation 2)
0 MTBM + MDT

where MTBM is the mean time between maintenance
and MDT is the mean downtime

(Note that MTBM addresses all maintenance, corrective and preventive, whereas MTBF only
accounts for failures. MDT includes MTTR and all other time involved with downtime, such as
delays. Thus, A, reflects the totality of the inherent design of the product, the availability of
maintenance personnel and spares, maintenance policy and concepts, and other non-design
factors, whereas A; reflects only the inherent design.)

Closely related to the concept of operational availability but broader in scope is operational
readiness. Operational readiness is defined as the ability of a military unit to respond to its
operational plans upon receipt of an operations order. It is, therefore, a function not only of the
product availability, but also of assigned numbers of operating and maintenance personnel, the
supply, the adequacy of training, and so forth.

Although operational readiness has traditionally been a military term, it is equally applicable in
the commercial world. For example, a manufacturer may have designed and is capable of making
very reliable, maintainable products. What if he has a poor distribution and transportation
system or does not provide the service or stock the parts needed by customers to effectively use
the product? Then, the readiness of this manufacturer to go to market with the product is low.

The concepts of availability and operational readiness are obviously related. Important to note,
however, is that while the inherent design characteristics of a product totally determine inherent
availability, other factors influence operational availability and operational readiness. The
maintainability engineer directly influences the design of the product. But, together with the
reliability engineer, the maintainability engineer also can affect other factors by providing logistics
planners with the information needed to identify required personnel, spares, and other resources.
This information includes the identification of maintenance tasks, repair procedures, and needed
support equipment.
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2.2.2 Life Cycle Costs. In considering the effect of maintainability on costs, the costs
associated with the life cycle of a product, from cradle to grave (i.e., the costs to purchase,
operate and maintain the product over its planned service life, and then dispose of it), must be
addressed. These total costs are called life cycle costs. Each acquisition phase has costs
associated with it. Although the phases of acquisition can be defined differently by different
customers (or suppliers), life cycle costs are frequently broken out into four categories: research
and development, production and construction, operation and maintenance, and retirement and
phaseout.

As noted, the phases of acquisition have sets of associated costs (each set is a portion of the total
life cycle costs) and the phases can be defined in different ways. Within the Department of
Defense (DoD), the life cycle is divided into four phases, which do not necessarily occur in
strictly a serial manner but may overlap. The phases of acquisition as defined by Department of
Defense Regulation (DoD) 5000.2-R are:

* Phase 0: Concept Exploration
* Phasel: Program Definition and Risk Reduction
* Phase Il: Engineering and Manufacturing Development

e Phase IIl: Production, Fielding/Deployment, and Operational Support

Although not referred to specifically as a phase, Demilitarization and Disposal is described by
DoD 5000.2-R as those activities conducted at the end of a system's useful life. See Appendix A
for a more detailed discussion of the acquisition phases as defined in DoD 5000.2-R and
Appendix E for a discussion of maintainability activities by phase.

In the commercial sector, the life cycle phases of a product are often defined as follows:

* Customer need analysis

* Design and development (includes DoD phases 0, I, and II)

*  Production and construction (includes production portion of DoD Phase III)

* Operation and maintenance (includes operational support portion of DoD Phase III)

* Retirement and phase-out (equivalent to Demilitarization and Disposal)

2.2.2.1 Research and Development (R&D) Costs (DoD Phases 0, I, and II). This category
includes the cost of feasibility (trade) studies; system analyses (support concept development);
detailed design and development (including software); fabrication, assembly, and test of
engineering models; initial system testing and evaluation; and associated documentation. The cost
attributable to maintainability at this stage is relatively high. Depending upon system
complexity, the maintainability engineer may need to implement design approaches that could
easily account for 10% of the development costs, especially if extensive BIT and diagnostics are
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involved, to meet the maintainability requirements. Remember, however, that investments in
maintainability made early in a program can significantly reduce downstream operation and
maintenance costs. The goal during research and development should be to make investments
that will reduce the life cycle costs to the lowest possible value.

The design approaches recommended by the maintainability engineer must be based upon the
customer's requirements, the operational environment, experience, field surveys and interviews,
and trade studies.

2.2.2.2 Production and Construction (P&C) Costs (Part of DoD Phase III). This category
includes the costs of fabrication, assembly, and testing of production models; establishment of
the initial logistic support requirements; facility construction; production operations and quality
control; development of training courseware; and the integration of a software support plan.
Costs associated with maintainability in this phase are primarily driven by initial operational test
and evaluation, and demonstration testing. For the first time, the focus is on software and BIT,
and close surveillance is required to anticipate and correct problems. Costs incurred during R&D
and P&C should be viewed as an investment to ensure product availability and a low total cost of
ownership.

2.2.2.3 Operation and Maintenance (O&M) Costs (Part of DoD Phase III). This category
can be considered the costs of consumer or user ownership. Included are the costs of sustaining
operations, personnel and maintenance support, spares and repair parts, consumables,
warehousing, shipping, configuration management, modification requirements, technical data
changes, software maintenance and configuration control, and operating and maintenance
personnel training. During this phase, data collection and tracking, customer site visits, failure
analysis, and general integration issues constitute the majority of costs associated with
maintainability. The maintainability aspects of engineering changes that occur during this phase
must be evaluated.

Maintainability is important to O&M costs because it directly influences the ease and economy
with which required maintenance can be performed. Ease and economy translate to the number
and qualifications of people required to support a product, the number and types of support
equipment needed to perform maintenance, the time required to perform maintenance (cycle time
and touch labor time®), and the degree of safety (of both the product and the people) with which
maintenance can be performed. Although many other factors can affect the number of support
personnel and other elements of operating and support costs, the level of maintainability
designed into the product is an important driver of these costs. Indeed, if the maintainability
engineer has done a good job, the O&M phase of the product's life cycle should reflect the
benefits of a well balanced design: minimal downtime and low (affordable) ownership costs.

* The time that a maintenance person is actually doing work on the product.
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2.2.2.4 Product Retirement and Phase-out (PR&P) Costs. This category includes the costs
associated with reclamation and disposal of components and materials. In some companies, these
costs are the concern of the maintainability engineer. In such cases, even in the R&D phase, the
maintainability engineer can anticipate the PR&P phase by addressing in design
recommendations: material durability, environmental concerns, statutory regulations governing
material disposal, and the methods and locations where reclamation and disposal might be
performed. Special attention should be paid to the reclamation of precious metals and the
disposal of hazardous or radioactive materials. During PR&P, lessons learned files are updated,
and in-depth tear-down analyses of selected components are often conducted to update service
life data.

2.2.2.5 Opportunity and Equivalent Costs. Opportunity and equivalent costs are not a
separate category of life cycle costs. Instead, these costs can be associated with any category of
life cycle costs. An opportunity cost refers to a loss of revenue or the cost associated with a lost
opportunity to invest in a desired manner or to earn income. An equivalent cost is any cost not
readily measured in terms of dollars. Two examples follow.

One example of an opportunity cost would be the revenue "lost" by airline A when passengers
are re-booked on airline B, after airline A's aircraft was taken out of service because a failure could
not be fault isolated in time for the flight. Potential revenue is lost and cannot be recovered. This
lost revenue may not normally be recorded as a cost of operation but has the same effect on
profit as does any other cost. In this case, the opportunity cost would be an O&M cost.

The next example illustrates both an equivalent cost and an opportunity cost. A military service
needs and has sufficient funds to purchase, operate, and maintain 100 new cargo aircraft to meet a
mission need over the next 20 years. The quantity of 100 is based on the aircraft meeting certain
availability requirements. If an aircraft is bought but falls short of its availability requirements by
10% due to poor maintainability performance, the military customer has two alternatives’: meet
only 90% of mission requirements (equivalent to having purchased only 90 aircraft) or increase
availability. If the first alternative is selected, the equivalent cost would be the inability to
perform the mission. If the second alternative is selected (additional aircraft are purchased, an
improvement program is implemented, or additional spares and other logistics resources are
purchased), funds diverted from other purposes to increase availability would represent an
opportunity cost. In either case, the cost could be considered an O&M cost.

2.2.3 Affordability. Affordability means that the customer can afford the life cycle costs of a
product. Too often, "purchase price" becomes the sole focus of attention. Of course, purchase
price is an important factor to both seller and customer. Too high a purchase price means that
few, if any, products will be sold. However, a product that has a low purchase price but is
extremely expensive to own and operate is equally hard to sell. Customers also must be able to

> Assume that the aircraft manufacturer cannot be made to improve the aircraft or provide additional aircraft at no cost
to the government. In view of actual historical cases, this assumption is not unreasonable.
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afford to operate and maintain the product over its lifetime. Affordability is a function of
product value and product costs. Product value is a customer perception and is generally a
reflection of the degree to which the product meets all of the customers requirements, including
maintainability. Product costs, on the other hand, are a hard reality and may be considered a
limiting factor on affordability.

Maintainability affects affordability because it affects availability (value) and acquisition and
ownership costs. As noted earlier, up-front investments in maintainability increase acquisition
costs but will reduce downstream (O&M) costs. Balances, therefore, must be struck between
value and costs, and between acquisition costs and operation and maintenance costs.

2.3 Other Relationships. The relationships between maintainability and reliability and
between maintainability and life cycle costs have already been discussed. Maintainability is
related to many other design and support disciplines, either providing information to them or
receiving information from them. These relationships are influenced and supported by a multi-
disciplinary approach to developing and manufacturing a product. This approach is referred to
by titles such as systems engineering, concurrent engineering, or Integrated Product
Development. Maintainability engineers have the responsibility for developing and fostering
these relationships, and cannot fulfill their responsibilities unless they are a part of a team effort.
Figure 2 shows some of the key disciplines with which maintainability has a relationship. (Note
that design is not a related discipline because maintainability is a function of design.) Each of
these disciplines will be briefly discussed.

T
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FIGURE 2. Some Key Disciplines to Which Maintainability is Related.

2.3.1 Manufacturing. The manufacturing processes used to transform the design to a tangible
product determine if the inherent design maintainability of the product is achieved. It is essential
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that the designed maintainability not be compromised by manufacturing requirements, so
manufacturing engineers and planners must be involved in the design effort. Without their
involvement, maintainability design features or approaches may make the product difficult or too
expensive to manufacture. For example, access panels that were included to ensure
maintainability requirements are met might be placed in an area where the moldline of the product
has compound curves. Moving the panel to an area that is flat or has a simpler surface might still
allow good access and improve manufacturability.

2.3.2 Human Engineering. Human Engineering (HE) is the discipline that addresses the
safety, effectiveness, role, and integration of people in the operation, use, and maintenance of a
product. A part of the total system design process, HE examines how the design of the product
affects human welfare and how people interact with the product. These people include users,
operators, and maintainers of the product. The physical structure and mechanical operation of
the human body and functioning of human senses determine how people can interact with a
product. This interaction is usually referred to as the man-machine interface. In some textbooks,
maintainability is included as a subset of HE. The ease and economy with which maintenance
can be performed is partly a function of how well the designers have considered human
limitations and abilities in regard to strength, perception, reach, dexterity, and biology. Certainly,
the HE and maintainability engineers have related and often common goals. Close coordination
and communication between the two disciplines is, therefore, essential.

Maintainability is directly related to the anthropometric and psychological characteristics of the
human beings who will operate and maintain the product. The maintainability engineer must
collaborate with the human factors engineer, and consider human engineering factors during design
efforts, to ensure the required range of expected human maintainers can indeed accomplish the
tasks. Anthropometric characteristics determine how large access openings must be, the need for
stands, how far replaceable units may be placed inside a compartment and still be reachable, and
so forth. Psychological factors determine what types of warnings are most effective, which way
a calibration knob should turn, whether a continuously variable or detented knob should be used,
and so forth.

2.3.3 Safety. In designing for maintainability, the maintainability engineer must be constantly
aware of the relationship between maintainability and safety. Safety includes designing the
product and maintenance procedures to minimize the possibility of damage to the product during
servicing and maintenance, and to minimize the possibility of harm to maintenance and operating
personnel. From the safety discipline usually come warning labels, precautionary information for
maintenance and operating manuals, and the procedures for disposing of hazardous materials and
the product.

2.3.4 Diagnostics and Maintenance. Testability has been introduced as a subset of
maintainability. It was defined as a design characteristic that allows the status of an item to be
determined and faults to be detected and isolated efficiently (or at an "affordable" cost).
Diagnostics consists of the manual, automatic, and semi-automatic maintenance hardware,
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software, and procedures used to determine status, detect faults, and isolate faults. The required
hardware, software, and procedures will depend in large measure on the maintainability of the
design (i.e., testability characteristics). Diagnostics are just one aspect of maintenance. All
maintenance procedures are determined in large measure by the design. A highly maintainable
design will require the least amount of support equipment and the fewest and the simplest
procedures.

2.3.5 Logistics Support. Logistics support requirements are greatly affected by
maintainability design decisions. The results of maintainability analyses are used by the logistics
managers in planning for the following five major categories of logistics support (Note: the
categories may be defined differently in other documents; however, the five listed here fairly
represent the major elements of logistics):

e Manpower and personnel

* Support and test equipment
» Facilities requirements

* Training development

* Sparing

¢ Technical manuals

Conversely, the logistics support provided for a product will affect the degree to which the
inherent maintainability of a product is realized in actual use. That is, even if the inherent
maintainability meets or exceeds the design requirement, the observed operational maintainability
will be as expected only if the required logistics support is available. Furthermore, the support
concept and any customer constraints or requirements regarding technical data, support
equipment, training, (initial, recurring, and due to personnel turnover), field engineering support,
spares procurement, contractor depot support, mobility, and support personnel must be
understood and considered during all design trade offs and analyses. An increasingly more critical
aspect of logistics is obsolescence of internal and piece parts. Sometimes these parts "vanish"
because the underlying manufacturing processes are eliminated for ecological or economic reasons.
Sometimes the parts themselves are displaced by ones that incorporate new technology but are
not identical in form, fit, and function. Whatever the reason, parts (and process) obsolescence is
an often overlooked and critical issue. Life buys are one way of coping with obsolescence.

2.4 Maintainability and the Acquisition Process.  Maintainability is a customer
performance requirement. In the acquisition of a new product, the customer must either select an
"off-the shelf" product or must contract with a supplier to provide a product that meets all the
performance requirements. The former case typifies the commercial environment. A customer
shops around, for example, for an automobile that meets all of his or her performance
requirements (gas mileage, size, acceleration, etc.), satisfies the intangibles ("look and feel"), and
is affordable. Even customers who do not maintain their own automobiles want a car that is
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inexpensive to have repaired (i.e., low O&M costs) and can be repaired quickly (high
availability). Competition not only gives the customer a wide range of choice, but it forces
manufacturers to design and build cars that are maintainable (and reliable, and comfortable, etc.).
Individual customers do not develop design requirements and specifications, contract for the
development of a new model, or otherwise directly participate in the development of
automobiles. Instead, the manufacturer must determine the requirements through customer
surveys, warranty information, and benchmarking of competitors' products.

Likewise, the military services, when purchasing commercial off-the-shelf (COTS)® products do
not directly participate in the development of those products. For example, the military services
purchase personal computers (PCs) for office use from the same manufacturers as does the
general public. These PCs come off the same production lines used to manufacture PCs for the
commercial marketplace, have the same design, use the same parts, and often come with the same
warranty. So, for a COTS purchase, no design is involved and, hence, design maintainability is
not an issue’. The use of COTS items does, however, have implications for the support concept.
Since customers using COTS items are essentially purchasing on a form, fit, function, and

Interface (F3I or F-cubed I) basis, they will not have configuration control of or data describing
the internal design of a COTS item. Without configuration control or design data, the customer
will have no way to develop and maintain maintenance procedures for repairing the COTS item.
Consequently, the support concept will be one of removing and replacing the failed COTS item
and sending it back to the supplier for repair.

When the military needs a product not used in the commercial marketplace, or which is similar to
a commercial product but must meet much more severe requirements, a new military acquisition
program begins. The program may be to develop a completely new product or to modify an
existing one. In either case, the customer must explicitly identify to potential suppliers the
performance requirements for the product. When more than one supplier is capable of providing
the product, these requirements are included in a Request for Proposal (RFP) that is issued by
the military customer's procuring activity. Maintainability must be addressed in the RFP.

Appendix A describes the acquisition process, explains how the process is being affected by
Defense Acquisition Reform, and provides more detailed guidance on preparing an RFP and
evaluating proposals from a maintainability perspective.

6Throughout this handbook, COTS is used to mean either Commercial Off-the-Shelf or Commercial Item.

7 Design of interfaces when the COTS is a component or subsystem of a larger product being developed for the
customer is, of course, another matter. For example, the ability to detect that the COTS item has failed, providing
access to remove and replace the item, identifying any tools or support equipment needed to calibrate the item, and
developing the procedures associated with these activities will be major maintainability concerns.
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SECTION THREE
3.0 OBJECTIVE OF A MAINTAINABILITY PROGRAM

The objective of a sound maintainability program is to design and manufacture a product that is
easily and economically retained in, or restored to, a specified condition when maintenance is
performed by personnel having specified skill levels, using prescribed procedures and resources,
at each prescribed level of maintenance and repair. Since maintainability is a true design
characteristic, attempts to improve the inherent maintainability of a product after the design is
"frozen" usually are expensive and inefficient. Nevertheless, as previously mentioned,
operational maintainability depends on other factors, most notable the support system, that can
negate the best efforts of the designer. For example, if an insufficient number of spare parts are
purchased, or it takes an inordinate amount of time to get those parts where and when they are
needed, then no level of maintainability will be adequate. Poorly trained maintenance personnel
will also cause maintainability to suffer. So although this handbook necessarily concentrates on
achieving maintainability through sound planning, engineering, design, test, and manufacturing,
remember that an adequate support system (spares, people, training, etc.) is essential to
capitalize on the inherent maintainability characteristics of the product. (Note: the "sum" of
design maintainability and the needed logistics support is sometimes referred to as
supportability.)

Six essential steps, or sub-objectives, are needed to meet the overall objective of a sound
maintainability program:

* Understand the Customer's Maintainability Needs - determine the required level of
maintainability as will be measured by the user during actual use of the product

* Integrate Maintainability with the Systems Engineering Process - make the
maintainability activities conducted during design and manufacturing an integral part of
the product and processes design effort

* Thoroughly Understand the Design - understand the maintainability of the design and
the maintenance required for the product

* Design for Desired Level of Maintainability - use proven design approaches to make
needed maintenance safe, economical, and easy to perform

e Validate the Maintainability through Analysis and Development Test - conduct
analyses, simulation, and testing to uncover maintainability problems, revise the design,
and validate the effectiveness of the redesign

* Monitor and Analyze Operational Performance - assess the operational maintainability
of the product in actual use to uncover problems, identify needed improvements, and
provide "lessons learned" for incorporation in handbooks and for refining modeling and
analysis methods
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Each of these steps will be discussed in detail.

3.1 Understand the Customer's Maintainability Needs. Understanding the customer's
maintainability needs is the first and most obvious step in meeting the objective of a maintainable
product. It is important that the level of maintainability addressed here is that which is measured
by the user, the operational maintainability, not necessarily that measured during design and
development. Many factors can affect operational maintainability, not just the design
characteristics of the product or the manufacturing processes used to make the product. This
point will be addressed later in Section 3.6.

An important part of understanding customer needs is to collect and study lessons learned on
prior products, preferably products similar to the one being acquired. By learning which
problems have plagued products in the past, the maintainability engineer can adopt design
approaches that reduce if not eliminate the problem in the new product.

Quantitative maintainability requirements should be derived using the same process used to
derive other product design requirements. This process consists of performing a needs analysis
and through the use of tools such as Quality Function Deployment (QFD). QFD is a tool for
translating defined customer requirements into appropriate design requirements at each stage of
design and development. The method uses a matrix known as the House of Quality, as depicted
in Figure 3. Following are definitions of the terms used in the House of Quality.

Whats - The product characteristics, functions, or levels of performance
wanted by the customer. These are the customer needs or
requirements. The Whats are sometimes divided into Primary,
Secondary, and Tertiary requirements. Examples of each for a
fighter aircraft are, respectively, Operating Characteristics, Sorties,
and 4 Sorties per Day.

Hows - The ways in which the Whats can possibly be met. Also called
design requirements. A How for the fighter sortie requirement
might be a product availability of 0.92

Importance - The value or importance placed by the customer on each What.
Typically stated as Greatest, Average, or Least.

Hows to Whats - The relative strength of the relationship between a What (a

Relationships requirement) and a specific How. Typically stated as Very Strong,
Strong, or Weak or a corresponding numerical value.

Weighted - The importance of each How based on either its How to What

Importance relationship value and number of tertiary Whats (absolute

weighting) or the relationship value, risk, and number of tertiary
Whats (relative).
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FIGURE 3. QFD House of Quality.
Weighted Importance is calculated as follows:
N
Relative weight = Y (Relationship value x importance ’factor)i
=1
Rank Ordered
N
Absolute weight = 3 (Relationship Values)i
i=1
Rank Ordered

How Correlation - The strength of the technical interrelationships between the Hows. Typically
stated as Very Strong, Strong, or Weak.

Risk - The degree of technical and cost risk associated with each How. Typically
stated as Greatest Average, or Least.

N - The total number of requirements (Whats).
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Briefly, the following steps are used in the QFD approach (see Figure 4).

1.

Enter the Whats already determined. If necessary, further define the Whats as Primary,
Secondary, and Tertiary requirements.

Determine the Hows, the design requirements, based on technical experience and
knowledge.

Develop What-How relationships, assigning a numerical value to each (for example, a
Very Strong relationship might be assigned a 5, a Strong relationship a 3, and a Weak
relationship a 1). Determining relationships is based on experience and technical
knowledge. To provide an easily understood graphical display, symbols, as shown in
Figure 4, are used.

Define and assign customer importance factor for each of the lowest level (primary,
secondary, or tertiary) requirements and the degree of technical and cost risk associated
with each How. Assign numerical values to the factors and degrees of risk (e.g.,
Greatest = 5, Average =3, Least =1).

Customer Requirem ents Design Requirements
Primary | Secondary | Tertiary] Importance DR1 DR2 DR3
A Al O @ — A
C A2 A Q @ —
h A-3 O] ® — 0
o 9 A4 8 A @) A
P B B-1 A @) ®
¢ o 2 | A | — ® —
a e B-3 @ O —_— @
} I C C-1 @) — ® —
N i Cc-2 A [0) — A
g 1 b D-1 Q 0) — ®©
c D-2 A — @ —
S b3 [ A — A ©
D-4 @ ® — —
E | | A © O =
E-2 @) O — )
Risk A ® @)
S I N e —
Symbol Relationships Importance/Risk

@ Very Strong=5 Greatest= 5
O Strong =3 Average= 3

A Weak =1 Least= 1

— None N/A

FIGURE 4. Example Excerpt of House of Quality.
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5. Develop relationships among the Hows (not shown in Figure 4). Use the same
definitions for the strength of the relationship and the corresponding numerical value
that were used for the What-How relationships. Knowing the relationship among Hows
will be important during trades.

6. Calculate the relative and absolute weights for the Hows. For each How (DR1, DR2,
and DR3), sum the relationship values in that column. The results are 39, 35, and 32,
respectively. Ranked ordered, the Hows are given absolute weights of 1, 2, and 3. Now
multiply the relationship values in each column by the corresponding importance and
add the products yielding the following sums: 117, 67, and 100, respectively. Rank
ordered, the relative weights are 1, 3, and 2, respectively, for DR1, DR2, and DR3.

7. Multiply the relative weights by the Risk factors of the Hows. The products of this
multiplication indicate the attention merited by each How. DR2 rates the most
attention, DR3 the next most, and DR1 the least.

The right-hand side of the complete House of Quality (reference Figure 3) is used to project the
relative level of effort, cost, required manufacturing capability, and the supplier's competitive
position regarding each What. Projections are usually stated as Greatest, Average, and Least.

By using successive QFD "Houses of Quality", with the Hows from one used as the Whats of
the next, increasingly more detailed (lower level) requirements can be derived.

3.2 Integrate Maintainability with the Systems Engineering Process. Systems
engineering is a top down iterative process involving requirements definition, functional analysis
and allocation, synthesis and design, test and evaluation. By integrating the maintainability
activities into this process, maintainability requirements will be addressed concurrently with
other performance requirements. In this way, maintainability activities will be integrated with all
engineering and design activities, thereby avoiding duplicative effort and making the best use of
activity outputs. As is discussed in Appendix A, a maintainability program must address this
issue (i.e., how design, analysis, and other tasks will be integrated to minimize costs and
maximize the use of task products). An integrated, systems approach is essential because
maintainability is related to other product characteristics.

3.3 Thoroughly Understand the Design. Thoroughly understanding the design is essential to
making the final product maintainable. Accessibility, diagnostic capability, and repair times must
be known with as much certainty as time, budget, and technical knowledge allow. Understanding
the maintenance needed to support the product during use will help uncover shortcomings in
maintainability, as well as determine the level of support (e.g., number of spares) required.

3.4 Design for Desired Level of Maintainability. A maintainable product is the result of a
conscious and dedicated effort to incorporate design features that make preventive and corrective
maintenance easy, safe, and economical in terms of time and resources. Any product can be
maintained given enough time and money, but time and money are pervasive constraints. So it is
the responsibility of the design team to design the product so that it can be maintained within
these constraints.
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An essential aspect of maintainability is determining when a product is malfunctioning and why.
The hardware, software, or other documented means used to determine that a malfunction has
occurred and to isolate the cause of the malfunction are collectively called diagnostics. As
products become more complex, diagnostics becomes an essential and critical part of design. For
such products, diagnostics is a driver of maintainability because identifying and isolating a
problem to its root cause often accounts for the majority of repair time. A diagnostic capability
encompasses more than built-in-test (BIT); it includes any automatic, semi-automatic, and
manual testing, maintenance aids, technical information manuals, and the effects of personnel and
training. So any action performed for the purpose of detecting and isolating malfunctions,
including any equipments, data or knowledge used in the performance of such actions can be
associated with a diagnostic capability.

Appendix C details many of the design guidelines proven to result in maintainable products.

3.5 Validate the Maintainability through Analysis and Development Test. Three
methods of verifying requirements are commonly used. They are inspection, analysis, and test.
Inspection is best suited to physical characteristics such as dimensions, weight, and finish.
Ideally, it is through analyses that we validate the functional characteristics of a design because
analyses are relatively inexpensive compared with testing. However, it is often only through
testing that the product's design, and the tools used to create that design, can be truly validated.
Testing uncovers unexpected problems or shortcomings. It helps us refine our analytical tools
with which we design the product. Testing is the essential development tool that provides the
feedback needed by engineers to refine their design and revise their analyses.

Maintainability and testability demonstration tests are conducted to show whether or not a
product possesses the requisite maintainability characteristics. The specific approach used for
demonstration testing ranges from limited testing done independently by the contractor to
extensive tests controlled by the customer. See Appendix B for specific test plans.

Recently, computer simulation in the form of virtual reality (see 4.3.2.3) has allowed some
maintainability characteristics of a design to be "evaluated" before any model or prototype is
even constructed. Although not a total substitute for testing, virtual reality simulation can reduce
the amount of time required by allowing some maintainability aspects of the design to be verified
without or with reduced maintainability demonstration and testing.

3.6 Monitor and Analyze Operational Performance. For many products, it is important
for the customer, the supplier, or both to monitor the performance of the product in actual use.
This monitoring may be done through tracking warranty data, collecting specialized information,
customer complaints, and surveys. Monitoring, and subsequent analysis of the data, is done for
three reasons:

* Identify performance problems

* Identify needed changes in policy, procedures, or design to resolve performance
problems

* Identify and document lessons learned
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The first two reasons are somewhat obvious. Despite our best efforts to design properly and to
validate the design through development testing, some problems may not evidence themselves
until the product has been fielded. It is then important to determine if the problems are serious
enough to require correction and, if so, the best means for doing so. If the product is warranted
and the problem is covered under that warranty, then the supplier must take the necessary
action. Ifthe problem lies in the customer's maintenance policy and procedures, then changes to
those items need to be considered.

The third reason, to identify and document lessons learned, may not be as obvious. Lessons
learned are important because our design and manufacturing tools are imperfect and experience is
a valuable resource. As already stated, despite our best efforts to design properly and to validate
the design through development testing, products are seldom perfect. They are imperfect
because our knowledge and tools (models, analytical techniques, manufacturing processes) are
imperfect. Field performance can be monitored and the Lessons learned from that monitoring can
be used to refine our knowledge and tools. One way to capture the knowledge represented by
lessons learned is to capture them in design guidelines, such as those documented in Appendix C.

As noted in 2.2.2, demilitarization and disposal (or in commercial terms, retirement and
phaseout) of a product is a part of the life cycle. DoD does not define it as a separate phase, and
many companies and customers consider it as the last stage of the O&M phase. As some
products near the end of their useful life due to obsolescence or wear-out, the customer or
supplier may need to address several critical activities:

* Recovery of precious metals or other valuable, recyclable materials
» Salvage of equipment and components for use in other products
* Safe disposal of hazardous materials

* Logistics support of demilitarization and disposal (retirement and phaseout)

These activities can be made more efficient and economical if they are considered during the
design of the product. As noted in 2.2.2.4, the extent to which the maintainability engineer will
be involved with designing for demilitarization and disposal can vary from company to company.
In most cases, the maintainability engineer, safety engineer, and logistics managers play at least
some role in designing for demilitarization and disposal and in carrying out the associated
activities.
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SECTION FOUR
4.0 ELEMENTS OF A MAINTAINABILITY PROGRAM.

No single set of specific tasks and activities defines the "best" maintainability program. Specific
tasks and activities must be selected based on the type of product, the technology being used,
product development budget and schedule constraints, customer needs, and so forth. Certain
general elements, however, are necessary for a sound maintainability program and give direction
to the process of selecting specific tasks and activities. These elements are management, design,
analysis, test, and data.

A maintainability program may be described by a supplier in a maintainability plan. Such a plan
should address the management approach, required resources, interface with related disciplines,
the activities constituting the program and a schedule showing when activities must occur.
Within the Government, prior to Defense Acquisition Reform (DAR), it was customary to
require suppliers responding to a solicitation to include a maintainability program plan as part of
their proposals. Although not specifically addressed in DAR policy issued by DoD, some
procurement commands within the military services have now prohibited such a requirement. Of
course, suppliers are always free to include such a plan if they determine it to be the best way of
responding to the solicitation. Appendix A provides guidance in developing the maintainability
portion of solicitations and in evaluating responses. No single model or standard plan is cited in
this handbook because the plan should reflect the unique requirements of the acquisition program,
the technology being used in the product, the amount of new development versus commercial off-
the-shelf (COTS) or a non-developmental item (NDI), and many other factors. The elements
described in this section, however, should be addressed in any and all maintainability plans.

4.1 Overview. A sound maintainability program begins with good management. It is
management that assigns and allocates resources, directs and controls processes, and evaluates
progress. So a maintainable product begins with a deliberate decision by management to make the
product maintainable. Since maintainability is a true design characteristic, it must be a design
requirement leading to certain design approaches and features. To support designing for
maintainability, certain analyses must be conducted. Some of these analyses may be unique to
maintainability while others are also performed for other purposes. Design, especially for
products incorporating new technologies or having complex functions, must be supplemented by
effective development test. Finally, data are needed to support maintainability design and
analysis, and data from the maintainability effort are needed in other functional areas, especially
logistics planning.

4.2 Management Approach. Management has five basic responsibilities regarding a
maintainability program: assign responsibility for maintainability, provide adequate resources to
implement the maintainability program, establish and maintain good lines of communication
within the company and with the customer, integrate the maintainability program into the overall
product development effort, and establish controls for subcontractors and vendors.
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Depending on the specific product development effort and on customer requirements, suppliers
may document how these responsibilities will be met in a maintainability plan. The plan may be
quite extensive and detailed or very simple and general, again depending on the product. It may
be a "stand-alone" plan or a part of other plans (a reliability and maintainability program plan, for
example).

4.2.1 Clear Responsibility. An individual must be given the formal responsibility for
implementing the maintainability program. As noted in 1.1, the title of this individual varies as
does his or her organizational assignment. Regardless of title or organizational placement, it is
essential that the individual have the appropriate knowledge and experience and be an integral
part of the design effort.

4.2.2 Adequate Resources (Quantity and Quality). Whoever is assigned the responsibility
for maintainability must also have the resources needed to do the job. These resources can
include analytical tools, test items and facilities, computers and software, labor hours, and
reference documents. The level of funding available for these resources should be appropriate for
the type of product, level of technical risk, and customer needs.

4.2.3 Lines of Communication. Accurate and timely communication is critical in today's
design and manufacturing environment. For products such as automobiles, aircraft, missiles, and
similarly complex items, many individuals and specialties are involved in the development effort.
Some may be geographically separated from others. Without good communications among these
people and with the customer, requirements can be overlooked. Communications are enhanced
through the use of computer-aided design and manufacturing (CAD/CAM) and the use of
common data bases.

4.2.4 Integration with Related Functions. As was discussed in 2.2 and 2.3, maintainability
is affected by many other related functions, such as manufacturing, human engineering, and so
forth. Maintainability, in turn, affects these and other functions. The interrelationships among
maintainability and other functions make it essential to develop a maintainability program that is
integrated with the overall product development program. The benefits of an integrated program
is the maximum use of data from each analysis and test, the elimination of duplicative efforts, and
a focus on overall product performance rather than on optimizing any one characteristic.

4.2.5 Subcontractor and Vendor Control. A strong maintainability program will reflect an
integrated team approach to the development of a product. Although the prime contractor has
the responsibility for the product's performance, each subcontractor and vendor is an important
member of the product development team. Accordingly, appropriate requirements and guidance
must be provided to all subcontractors and vendors. These requirements and guidance should, if
at all possible, be developed with the suppliers to encourage an exchange of ideas, foster a
thorough understanding of program objectives and the role of supplier in meeting those
objectives, and to promote the integrated team concept.
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4.2.6 Reviews. A series of design reviews are necessary during a program to control risk,
ensure a balanced design is evolving, evaluate progress, and to anticipate and avoid problems.
These reviews vary in purpose and can vary in the manner in which they are conducted. Some
typical types of reviews are shown in Table VI. All of these reviews may not be necessary for
some products. Other products may require additional reviews. For some very complex
products, a review dedicated only to maintainability, or often to reliability and maintainability,
may be required. A key indicator of how well maintainability is being considered is whether it is
one of the requirements or characteristics included in all of these reviews. It should be clear that
maintainability is a "player" in tradeoffs and is being considered in the design. Clear signs that
maintainability is a dynamic element of the design are that the maintainability engineer or manager
has sign-off authority of design drawings and is required to participate in tradeoffs.

TABLE VI. Types and Purposes of Design Reviews

Review Title

Purpose

Key Maintainability Questions

Product Requirement
Review

Review the product requirements and
specifications to ensure they are clear, accurate,
verifiable, and reflect the operational needs of the
customer. A separate Software Specifications
Review may be conducted to concentrate only on
software requirements.

Are performance-based
maintainability design requirements
included? Are they derived from
operational requirements?

performance characteristics.  Identify potential
problems and develop solutions.

Product Design Review the high-level product design and|Are maintainability requirements

Review architecture, partitioning, and requirements|allocated? Are the allocated
allocations. requirements realistic?

Preliminary Design | Review hardware and software designs for| What trades have been made to

Review functional flow, requirements allocations,|improve maintainability? Where are
thermal, power,  packaging, reliability, | the major maintainability problems?
maintainability, manufacturability, and other

Critical Design
Review

Similar to Preliminary Design Review but the
purpose in reviewing the designs is to evaluate
their readiness for release to manufacturing.

Are there outstanding maintainability
problems? Do predictions indicate
that the required product
maintainability will be achieved?

Production Readiness
Review

Review design of manufacturing processes, tools,
fixtures, and so forth to determine readiness of the
production facility to manufacture the product.

Have any problems arisen in which
manufacturing considerations affect
maintainability?

4.3 Design for Maintainability. Design determines a product's inherent capabilities.
Whether it is the power handling capacity of a circuit, the frequency of a signal, or the minimum
time required to replace a part, a capability must be designed into a product.

4.3.1 Specific Considerations. Detailed and quantitative studies of maintainability were not
initiated until the early 1950's. Before 1950, maintainability was often viewed as a "common
sense" ingredient of design. However, other performance requirements and acquisition budget
concerns frequently overrode design decisions made to improve maintainability. Now, the
ownership costs and availability requirements of increasingly complex modern systems and
equipment demand that designing for maintainability be as important as designing for other
performance characteristics. The maintainability engineer must now ensure that considerations
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for maintainable designs are an integral element of every design trade study or design change
activity.

The basic objectives of designing for maintainability are to meet the operational readiness
requirements for the product and to reduce support costs. A maintainability engineer committed
to these objectives will continually challenge the design to uncover weaknesses and potential
maintenance problems. The objective is to design in maintainability. If this objective is not met
and the production hardware fails to meet maintainability objectives, corrective design changes
will have to be made later in the equipment's life cycle at significant expense. The primary
emphasis of the maintainability program is to identify and correct maintainability problems early
in the design process when correction simply requires changing drawings.

4.3.1.1 Support Concept. Support concepts are the methods, including the maintenance
concept, by which the customer intends to maintain the product and can be as varied as the
design itself. Support concepts range from discard at failure to a complete overhaul at failure.
They may include periodic or scheduled maintenance or overhaul. They can include maintenance
performed by the customer, the supplier, a third party, or some combination of the three. Within
the military services, three levels of maintenance are normally defined: organizational (on-site),
intermediate (local shops), and depot (an overhaul facility). (No one definition of maintenance
levels could be found for all commercial industry. However, perhaps defined somewhat
differently or combined in some way, the following levels of maintenance are considered
representative of those used by commercial industry). Maintenance performed at these levels
keeps the product serviceable or restores it to an operational condition after a failure. A brief
description of each level of maintenance follows.

Organizational Level of Maintenance. Organizational maintenance is performed at the
operational or product site. Maintenance at this level normally is limited to periodic performance
checks, visual inspections, cleaning, limited servicing, adjustments, and removal and replacement
of some components (i.e., constituent module, part, item, etc. of the product). Repair of
removed components is normally not made at this level (but see 4.4.1.6.2). Instead, the failed
component is replaced with a spare. The removed component is then sent to the next level of
maintenance (usually intermediate) for repair. Diagnostics, accessibility and ease of removal and
replacement are very important at the organizational level and should be key design
considerations. This level of maintenance has the primary goals of keeping the product in a
serviceable condition and rapidly restoring the product to an operable condition after failure using
low to moderately skilled personnel.

Intermediate Level. Intermediate level maintenance is normally performed at a "shop
location" and may be performed on the product or a repairable component of the product. At
this level, products might be repaired by removal and replacement of parts or modules, or the
parts or modules of a product might be repaired. The skill level of personnel at this level is
usually higher than at the organizational level of maintenance. Intermediate level of repair
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facilities may also be tasked with doing limited depot/overhaul level repairs. These type of
repairs are typically based upon technical knowledge, facilities and potential cost savings.

Depot Level. Depot is the highest level of maintenance. The depot is a specialized repair
facility that may very well be structured like an assembly line. It may be a customer-operated
repair facility or the original equipment manufacturer's plant. Maintenance includes rebuilding or
overhauling a product and may be performed on a specific lot of failed equipment that has been
screened for similarity in failure type. The most highly skilled and trained technical personnel are
assigned to depots. Test equipment is very complex, technical publications are more detailed,
and manufacturing source data are frequently available. One specific depot might be structured to
support all forms of communication radios or all types of pumps.

Maintenance can include two basic types of tasks. The first, called preventive maintenance
(PM), is usually performed at the organizational level. PM retains a product in serviceable
condition by inspections, servicing and other preventive measures performed on a calendar,
cyclical, or on-condition basis. The second is corrective maintenance (CM). CM is performed to
return a product to operation after a failure and may be accomplished at the operational,
intermediate, or depot level. The cost of maintenance, preventive or corrective, is directly
determined by the maintainability of the design.

A support concept is more than simply identifying whether PM and CM are required and
whether maintenance will be performed at one, two, or three levels of organization. It means
deciding on a run-to-failure or on-condition maintenance approach (see 4.3.1.3). It also addresses
whether support will be provided by the customer, by the product manufacturer, or by both.
Often, the military services elect to plan for contractor support at the intermediate and depot
levels until a product has been proven in actual use. Then responsibility for the maintenance
may be transitioned to the military service. Such a strategy is called interim contractor support.
Finally, a support concept can involve centralizing some organizational and intermediate level
maintenance at one or two sites.

The approach to handling ambiguity groups is also a part of the support concept. Sometimes,
factors make fault isolation to a single replaceable unit or item impossible to achieve. These
factors include the complexity that would be added by fault isolating to a single item, the total
cost associated with fault isolating to a single item compared with the cost associated with fault
isolating to two or more items, and the type of technology being used. Consequently, some
failures will be detected by the integrated diagnostics and isolated to two or more items. To
correct the failure, one of two basic approaches may be used. For relatively small ambiguity
groups, the entire group will be replaced. For larger groups, items in the group will be iteratively
replaced until the failure is corrected. The decision to use group or iterative replacement is
primarily based on economics and the effect on predicted total downtime.

The support concept should be tailored to the type of product in question. That is, the product
may be a new development, a non-developmental item, or a commercial off-the-shelf (COTS)
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item. In the first case, planners have a good deal of latitude in selecting the concept, since the
designers can respond to the chosen concept as they design the product. For non-developmental
items, less latitude is available. Finally, for COTS, little flexibility in choosing a support concept
is left to the planners. It is unlikely that the engineering, design, and other detailed data needed to
develop an organic repair capability will be available. Also, configuration control below the
product level will most likely be maintained by the supplier, not the customer. So in many cases,
support for COTS will consist only of removal and replacement at the operational level with
depot and even intermediate maintenance performed by the depot.

For new development products, the support concept can and should greatly influence the design
for maintainability. For example, ease of disassembly is not a concern for non-repairable
products that are thrown away after failure. But if the product is a component or subsystem of a
larger product, accessibility to facilitate removal and replacement is important. Also, the design
approach for a product can be very different depending on whether the customer or the
contractor will be providing the support.

4.3.1.2 Operational and Support Environment. It is essential that the supplier understands
the environment in which the customer will operate and maintain the product. Environmental
factors, such as temperature and humidity, limit the way in which personnel can perform
required maintenance. For example, when products must be maintained in very cold climates or
under hazardous conditions (radioactive, biological or chemical environments), personnel will be
wearing heavy clothing and gloves. Such clothing restricts movement, requires more room for
access, and reduces dexterity. In addition, materials can shrink or expand making connection and
disconnection of mating parts difficult. In hot climates with high humidity, perspiration can
impair vision and affect a person's grip. If maintenance must be performed outside, the
maintainability engineer must try to design access panels so that rain cannot penetrate into the
interior of a product. For some products, it might be necessary to perform maintenance while the
product is operating. In such cases, the maintainability engineer's primary concern is to design
the product and procedures to minimize the hazards involved with maintenance.

In addition to analytical techniques, the maintainability engineer has two excellent methods of
characterizing the support environment. First, the customer's maintenance personnel can be
brought in to participate in the design process at the earliest phase of product development.
Second, maintainability and design engineers can visit the customer's operating sites to gain first-
hand knowledge of the operational and support environment. Every product needs to be
assessed for the environmental impact on maintainability.

4.3.1.3 Preventive Versus Corrective Maintenance Requirements. Preventive maintenance
(PM) is usually self imposed downtime (although it may be possible to perform some PM while
the product is operating). PM consists of actions intended to prolong the operational life of the
equipment and keep the product safe to operate. Ideally, a product will require no servicing or
other preventive maintenance and either the probability of failure is remote or redundancy makes
failure acceptable (however, one often-required PM task is to verify the operational status of
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redundant components prior to a mission.).

tasks associated with each.

For such an ideal product, only corrective
maintenance, if any, would be required. Most often, however, failure is not a remote possibility.
Moreover, most products of any complexity require some servicing, even if that only consists of
cleaning. Sometimes failures can actually be prevented by preventive maintenance. The goal,
then, is to identify only that preventive maintenance that is absolutely necessary and cost-
effective. Figure 5 illustrates the two major categories of maintenance, PM and CM, and the

Maintenance

CATEGORY

Preventive Maintenance
(also called scheduled maintenance)

Corrective Maintenance
(also called unscheduled maintenance)

TYPICAL
TASKS
I I
Time Inspections AND Fault Isolation
Replacement
I I
: I : I Repai Remove and
Calibration Cleaning cpair OR Replace
.and and | |
Adjustment Lubrication
Confirm Fault ND Close Up
Corrected and Secure
| REQUIRED REQUIRED
BY BY
Safety Failures
On-condition monitoring - confirmed
Servicing - unconfirmed*

*Result from false alarms in the built-in test, intermittent failures, or test equipment problems.
Unconfirmed failures will trigger some maintenance action, ranging from confirming no failure
exists (attributed to a false alarm or Cannot Duplicate) to removing and replacing a supposedly
bad item only to later find (at another level of maintenance) that the item is good (Retest OK).

Reliability Centered Maintenance (RCM) is an analytical method used to identify essential and
cost effective preventive maintenance. Preventive maintenance for a product may be scheduled

FIGURE 5. Major Categories of Maintenance.
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based on condition, a number of events, rounds fired, cycles of operation, seasonal time period,
operational profile changes, and sometimes as the result of failures of other equipment. For
example, automobile manufacturers provide buyers with a range of recommended mileage-based
and time-based preventive maintenance. The initial overall maintenance program should reflect
the RCM-based schedule for preventive maintenance. Figure 6 summarizes the steps in an RCM
approach to identifying preventive maintenance.

INITIAL PREVENTIVE MAINTENANCE SCHEDULE
(Update based on experience)

7. Analyze Results for Potential Corrective Action

» all tasks and intervals based on economic cost/savings

 redesign a consideration for items having failure modes that
cannot be reduced to an acceptable level with PM

 redesign mandatory for failure modes that have safety
consequence and cannot be recued to an acceptable level with
PM or combination of tasks

6. Optimize Results with Data Collection Efforts
¢ perform trend analysis to verify PM prevents degradation
« use FRACAS information to analyze assumptions
* adjust tasks and intervals based on data

5. Package All Tasks into Implementable Plan

* group tasks with similar intervals

¢ lengthen/shorten intervals of tasks designed to prevent less
serious failures to coincide with those of tasks designed to
prevent safety-related or serious failures

. Determine Maintenance Tasks Intervals

¢ maintenance task types (in order of preference): on-condition,
rebuild/rework, discard, inspect for undetected failure.

¢ level of conservatism inversely related to availability of data

 ensure tasks are applicable and effective

3. Categorize the Failure Distributions

¢ perform Weibull analysis on population of parts
« if applicable, determine when wearout begins

¢ determine effectiveness of rework/rebuild actions

2. Perform Functional Failure Mode Analysis F"“
* FMEA \\

* FTA ?“v

* Consequences of failure »‘#A

1. Design for Maintainability ?.Cr“

« facilitate required inspections with minimal tools
¢ match component failure rates to PM schedule

¢ provide indicators of failure

* reduce risk of maintenance-induced failures

FIGURE 6. The Steps in an RCM Approach to Identifying Preventive Maintenance.
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Reference has been made to "on-condition" and "based on condition" in determining the
frequency or need for PM. On-condition monitoring, also called predictive maintenance or
performance monitoring, is a process whereby one or more parameters are unobtrusively
monitored and trended over time. These parameters must have a direct relationship with the
"health" of the equipment being monitored. On the basis of some threshold value (determined
through analysis or experience) of a parameter or combination of parameters, the equipment will
be repaired or replaced prior to any actual failure. This approach to "scheduling" PM can
significantly reduce costs, prevent failures, and increase safety. The approach has long been used
to "detect" an impending problem in rotating machinery by monitoring vibration.

Improvements in sensors and recording devices and an understanding of which parameters truly
indicate health have increased the number of applications of condition monitoring. One device
developed under Air Force sponsorship, the Time Stress Measurement Device (TSMD), is one
example of a technological improvement related to on-condition monitoring. The TSMD collects,
records, and stores stress data for subsequent analysis. Although initially studied as a method of
dealing with false alarms (see 4.3.1.7), TSMDs can be used with appropriate sensors to record
health-related parameters. The recorded levels of the parameters can then be compared with pre-
established limits. When the limits have been exceeded or the data indicates that the limits will be
exceeded in the near future, an inspection would normally be performed to confirm that a failure
is imminent. If the inspection confirms the analysis, then appropriate maintenance can be
performed before an actual failure occurs. If the inspection shows that no problem exists, it may
be necessary to revise the pre-established limits.

Corrective maintenance includes those activities required to return failed equipment to acceptable
operational status. Corrective maintenance consists of recognizing that a failure has occurred
(fault detection - FD), determining what has failed (fault isolation - FI), accessing and replacing or
repairing the failed component, and confirming that the failure has been corrected. It is the
maintainability engineer's responsibility to strike the best balance between preventive and
corrective maintenance, keeping in mind such factors as safety, availability requirements, and the
customer's operating and support concepts.

4.3.1.4 Human Engineering (HE). During design, the HE engineer has two roles. In one role,
the HE engineer represents the potential user, operator, and maintainer and is concerned with
ease of operation, safety, comfort, work loads, and so forth. In the other role, the HE engineer
evaluates people as "components" and their contribution to product effectiveness. The HE
engineer is concerned with many design issues including:

» Safety of operators and maintainers

*  Which functions to allocate to humans

* How best to present information to the user, operator, or maintainer
* Accessibility

* The design of tools
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* The design of controls
e Anthropometry
* Required skill levels

Military standard 1472, MIL-HDBK-759, and MIL-HDBK-338 provide detailed information
and data on HE. In addition, Appendix C includes design guidance related to HE.

4.3.1.4.1 Presentation of Information. Although information is usually presented through
visual displays and through auditory signals, other methods include touch, smell, the sense of
balance (vestibular sense), or sensations of position and movement (kinesthesis). Each of these
methods has its own variables. Visual displays, for example, can be in color or black and white,
use symbols or text, use moving scales with fixed indicators or fixed scales with moving
indicators, and so forth. To select the best method requires an understanding of the way in which
humans process, interpret, and store information; the detection and differential sensitivity of the
human senses; and human psychology and physiology. Figure 7 illustrates some of the factors
involved in the human information processing system.

Storage Subsystem

1
|—7Long—Term Short-Term
L Memory Memory |

Limbs 1» Speech
— Eyes |+ Decisi
nergies L J Making _L &
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FIGURE 7. The Human Information Processing System.

The maintainability, HE, reliability, safety, and other design engineers must develop a product
design that contributes to proper operator responses by creating perceivable and interpretable
stimuli requiring reactions within the user's, operator's, or maintainer's capabilities. Feedback
ought to be incorporated into the design to verify that operator responses are correct. In other
words, product characteristics should serve as both input and feedback stimuli to the operator or
maintainer. These interactions between the human and the product are depicted in Figure 8.
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FIGURE 8. Interactions Between Human and Product.

4.3.1.4.2 Controls. Controls include the switches, knobs, levers, wheels, and other devices
with which a human controls the functions of a product. In selecting the proper control for a
specific function, the HE engineer must evaluate the function of the control, the requirements of
the control task, the informational needs of the human, the requirements imposed by the work
environment, and the consequences of inadvertent or accidental operation of the control.

4.3.1.4.3 Anthropometrics. Anthropometry is the science of measuring various human
physical characteristics, primarily size, mobility, and strength. Using such measurements in
designing a product, workplace, support equipment, and clothing, designers can enhance the
efficiency, safety, and comfort of users, operators, and maintainers.

People vary in size and strength within any group. This variance can be expressed statistically
by taking appropriate measurements of the population and calculating the mean and standard
deviation. Based on these statistics, percentiles can be calculated. For example, a 90th percentile
height for American men means that only 10% of the males in the United States are taller than
that height. Normally, the HE and maintainability engineer will design for people who are in the
95th or higher percentile for weight, stature, sitting height, and other anthropometric
measurements. Anthropometric tables and charts are available in HE handbooks and military
standards to help the engineer assess human physical interface factors. These tables and charts
include information on percentile measurements of physical size; allowances for clothing;
maximum strength (static forces and torque) of hands, fingers, and legs; and range of motion.
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4.3.1.5 Maintenance Tools and Support Equipment. Few products can be maintained
without using some tools. Maintenance of many consumer products requires only common hand
tools, such as screwdrivers and pliers. Maintenance of other products can require test
equipment, servicing stands, protective clothing, specialized tools, and so forth. It is the
maintainability engineer's responsibility to identify the tools and equipment needed by
maintenance personnel to support the product. To keep costs down and reduce the amount of
specialized training required, the maintainability engineer will try to use tools and equipment
already in use for other products. For example, airlines have a large investment in hand tools,
support equipment, and other items with which aircraft are maintained. A commercial aircraft
manufacturer who ignores this "in-place" inventory and designs an aircraft requiring all new tools
and equipment, will find it difficult to market a new aircraft, no matter how advanced it may be.

4.3.1.6 Maintenance Training. Some training of those people who will be maintaining the
product is usually required. The amount of training and the extent to which this training is
unique to the product is a function of product complexity, whether the product is totally new or
is similar to a previous product, the technology used in the product, and the skill and education
levels of the maintenance personnel. As part of the maintainability effort, training requirements
for personnel at all levels of maintenance must be identified. Even when training requirements
and training development are the responsibility of training specialists, they will require inputs
from the maintainability engineer.

4.3.1.7 Testability and Diagnostics. An important component of maintainability is
testability, widely defined as a design characteristic that allows the status (operable, inoperable,
or degraded) of an item to be determined and the isolation of faults within the item to be
performed in a timely and efficient manner. As implied in this definition, it is not enough to
make a design "testable". The design must be such that testing is efficient in terms of detecting
and isolating only failed items, with no removal of good items. The removal of good items
continues to be a problem in many industries, with obvious impacts on troubleshooting times and
repair and logistics costs.

Whereas testability is related to the physical design characteristics of a product, diagnostics are
related to the means by which faults are detected and isolated. This includes the actual tests
themselves, as well as the means by which tests are performed. Achieving good diagnostics
involves determining the diagnostic capability required in a product. A diagnostic capability can
be defined as all capabilities associated with the detection, isolation, and reporting of faults,
including testing, technical information, personnel, and training. In comparing testability with
diagnostics, we see that testability is an inherent design characteristic, while diagnostics involves
factors other than those associated with the design itself. Attention paid to both in all design
phases will impact not only the cost of producing a product, but certainly the cost of maintaining
the product once it has been fielded.

Finally, planning for BIT at all levels within the system design is becoming more important for a
number of reasons. First, surface mount devices (SMDs) are increasingly being used in the design
of circuit cards. The use of SMDs, and devices with higher packaging density (including double-
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sided boards), decreases the accessibility required for guided-probe testing, while increasing the
risks of such testing. Incorporating BIT in such designs therefore becomes critical to effective
diagnostics. Second, many component vendors of integrated circuits (ICs), such as Application
Specific ICs (ASICs) are incorporating some form of BIT into their designs. Higher-level designs
(i.e., board, module, etc.) that use such devices must take advantage of this fact by planning to
integrate lower-level BIT capabilities with higher-level BIT designs. Doing this will increase the
vertical testability of an entire system, wherein factory-level test programs can be used in field
operations as well as the factory. Further, tests performed using BIT at higher levels of support
(e.g., depot or intermediate) can also be used at lower levels (i.e., intermediate and organizational).
This characteristic of the diagnostic system will help to maintain consistency across maintenance
levels and may reduce the high incidences of Retests OK (RTOK) or Can Not Duplicates
(CNDs).

The most important factor in BIT design is early planning. Without planning for BIT early in the
life cycle, it will be harder to maximize any advantages offered by the use of BIT while
minimizing any negative impacts such as increased design cost, higher hardware overhead, and
increased failure rate. In "Chip-To-System Testability" (Interim Report submitted to Rome
Laboratory under Contract No. F30602-94-C0053, 1996, Research Triangle Institute and Self-
Test Services), five axioms are given that will allow designers to capitalize on the use of BIT.
These axioms are:

» Plan for BIT starting at the earliest stage (e.g., proposal stage) of the program
* Design BIT in conjunction with the functional design, not as an afterthought

» Use the same high degree of engineering cleverness and rigor for BIT that is used for the
functional design

» Take advantage of computer aided design (CAD) tools for the BIT design process
whenever possible

» Incorporate the subject of BIT into peer, design and program reviews

4.3.1.7.1 Testability Design. Although a subset of maintainability, testability has become
recognized as a separate design discipline in its own right. Because of the impact on production
and maintenance costs of poor testability, it will continue to be treated as a distinct discipline, at
least in the foreseeable future. Therefore, it is important to develop a testability program plan as
an integral part of the systems engineering process, and to elevate testability to the same level of
importance accorded to other product assurance disciplines. Plans must be established that
define the need to analyze a design to assure it contains characteristics that allow efficient and
effective fault detection and isolation.

Ensuring that a product is testable requires adherence to some basic testability design principles.
A list of the most common testability design principles follows, along with a brief description of
each.

* Physical and functional partitioning - The ease or difficulty of fault isolation depends to
a large extent upon the size and complexity of the units that are replaceable.
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Partitioning the design such that components are grouped by function (i.e., each
function is implemented on a single replaceable unit), or by technology (e.g., analog,
digital) whenever possible will enhance the ability to isolate failures.

» Electrical partitioning - Whenever possible, a block of circuitry being tested should be
isolated from circuitry not being tested via blocking gates, tristate devices, relays, etc.

» Initialization - The design should allow an item to be initialized to a known state so it
will respond in a consistent manner for multiple testing of a given failure.

* Controllability - The design should allow external control of internal component
operation for the purpose of fault detection and isolation. Special attention should be
given to independent control of clock signals, the ability to control and break up
feedback loops, and tri-stating components for isolation.

* Observability - Sufficient access to test points, data paths and internal circuitry should
be provided to allow the test system (machine or human) to gather sufficient signature
data for fault detection and isolation.

» Test System Compatibility - Each item to be tested should be designed to be electrically
and mechanically compatible with selected or available test equipment to eliminate or
reduce the need for a large number of interface device (ID) designs.

In addition to the preceding principles, checklists of testability design practices have been
developed that are specific to technologies, such as analog, digital, mechanical, and so forth. A
detailed checklist can be found in Appendix C.

Determining the amount of testability necessary in a design will be driven by the requirements for
fault detection and fault isolation. Fault detection requirements are typically stated as the
percentage of faults that can be detected, using defined means (BIT, semi-automatic/automatic
test, etc.), out of all possible faults. For instance, a system may have a requirement of 95% fault
detection, indicating that 95% of all possible failures are to be detectable by the diagnostic
capability of the system. Fault isolation requirements are typically stated as the percentage of
time fault isolation is possible to a specified number of components. As an example, a system
may have a requirement of 90% isolation to a single replaceable unit (RU), 95% isolation to an
ambiguity group of 2 or fewer RUs and 100% isolation to an ambiguity group of 3 or fewer RUs.

Mathematically, fault detection and isolation are defined in the following equations for the
fraction of faults detectable (FFD) and the fraction of faults isolatable (FFI).

FFD = FD/FA where FA = total number of actual faults occurring over timeand FD = no.
of actual failures correctly identified using defined means.

To calculate predicted fault resolution using equation 4, data are required that correlate each
detected failure with the signature, or "error syndrome", that each failure produces during testing.
The data are most conveniently ordered by signature and by failed module within each signature.
The signature, then, is the observed test response when a particular failure occurs. This
information typically is generated from an FMEA, or in the case of electronics design, especially
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digital, from a fault simulation program. The collection of test responses, or failure signatures,
represents a fault dictionary. In many instances, several failures will produce the same observed
(usually at the system output(s)) signature, creating ambiguity. The fault resolution predicted by
equation 4 measures the amount of ambiguity that exists, for a given level of test capability. As
noted, for each signature, a list of suspect modules is created, providing the input data needed to
apply equation 4. Equation 4 includes a signature index, i, which is arbitrarily chosen (e.g., all
signatures can be numbered from 1 to n). The modules within a signature can also be numbered,
representing j in equation 4, or the module index within a signature.

D00l N M,
FFI, = Z._ X. Z Y (Equation 4)
L H)\ d E i=1 1/ =11
where:
X = 1if M. <L 0 otherwise
N = number of unique test responses
L number of modules isolated to (i.e., ambiguity group size)
i

signature index
M. = number of modules listed in signature i

] = module index within signature
= failure rate for jth module for failures having signature i

>
o
Il

N M.
overall failure rate of detected failures = Z - Z jzll)\ i

Additional quantitative measures of testability may include fault isolation time, which is derived
from the Mean Time To Repair (MTTR).

Mean Fault isolation time = Mean [repair time - (operation time + disassembly time +
interchange time + reassembly time + alignment time + verification time)]

Note that the first two measures are interrelated in that before you can isolate a fault, you must
first detect it. Therefore, a testability analysis program is designed to analyze the effectiveness
of the detection scheme, and then to analyze the effectiveness of the isolation scheme. For
complex designs, the analysis of testability often requires the use of testability design and
analysis tools that provide information on fault detection and isolation, for a given diagnostic
approach, or diagnostic capability.

False alarms (in which a failure is "detected" even though none occurred) is a problem related to
both testability and a system's diagnostic design. Manifesting themselves in varying degrees in
avionics and other types of equipment, false alarms are a drain on maintenance resources and
reduce a system's mission readiness. The two most commonly reported symptoms of false
alarms are CND and RTOK.

False alarms occur for many and varied reasons, including external environmental factors
(temperature, humidity, vibration, etc.), design of diagnostics, equipment degradation due to age,
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design tolerance factors, maintenance induced factors (e.g., connectors, wire handling, etc.), or
combinations of these factors. External environmental factors may cause failure of avionics or
other equipment that do not occur under ambient conditions and are believed to be a leading cause
of false alarms. When the environmental condition are removed, the "failure" cannot be found.
One solution to the problem is to use a stress measurement device to record the environmental
stresses before, during, and after a system anomaly. Subsequent diagnosis can use this data to
determine what occurred and whether any action (maintenance, modifications, etc.) are needed.

As discussed in 4.3.1.3, a stress measurement device that has been studied over the past few
years by the Air Force is the TSMD. TSMDs focus on the measurement, collection, storage, and
subsequent failure correlation analysis of the recorded stress data. The TSMD records an image
of all of the environmental data prior to, during, and after a system anomaly. The recorded event,
called a fault signature, identifies any environmental stress-related conditions that may be causing
intermittent or hard failures. The TSMD data aids in reducing RTOK, and CND conditions by
correlating the event with the conditions that existed when the anomaly was detected.

Several different models of TSMDs have been developed by different manufacturers. They
feature both 8 bit® and 32 bit’ internal microprocessors and RS-232 and RS-485 interfaces.
Typically they are powered by 5 volts DC drawn from the host system and dissipate 1 watt or
less. They also have the capability to accept power from an external battery for operation under
power-off conditions, e.g., shipping and/or storage.

Many commercial stress measurement devices are also in use or under study. A RAC
publication'® provides a compendium of currently available commercial stress measurement
devices, including their sensing and storing capabilities. This publication is part of an on-going
market survey aimed at identifying sources of stand-alone environmental stress data collection
systems.

4.3.1.7.2 Diagnostic Capability. Defining and developing a product's diagnostic capability
depends on a number of factors such as:

* The product's performance and usage requirements
* Maintenance support requirements (e.g., levels of maintenance)

» Technology available to: improve diagnostics in terms of test effectiveness; reduce the
need for test equipment, test manuals, personnel, training, and skill levels; and reduce
cost

* The amount of testability designed into the product

* Previously known diagnostic problems on similar systems.

¥ Skeberdis, P. W., White, E. G., Westinghouse Electronics Systems, Fault Logging Using a Micro Time Stress
Measurement Device, RL-TR-95-289, January 1996

K Havey, G., Louis, S., Buska, S., Honeywell Inc., Micro-Time Stress Measurement Device Development, RL-TR-
94-196, November 1994

' Environmental Characterization Device Sourcebook (ECDS), Reliability Analysis Center, P.O. Box 4700, Rome,
NY 13442-4700, 1 (800) 526-4802
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Each of these factors will play a role in determining the approach to detecting and isolating faults.
A typical approach to diagnostics includes the use of BIT. BIT is a design response to the need
to reduce maintenance manpower and external test equipment. Other approaches may consider
the use of automatic or semi-automatic test equipment, manual testing using benchtop test
equipment, or visual inspection procedures. In all cases, tradeoffs are required among system
performance, cost, and test effectiveness.

It is important to remember that the effectiveness of the diagnostic capability, and the cost of
development, is greatly influenced by the amount of testability that has been designed into the
system. Should there be a lack of test points available to external test equipment, for example,
then the ability to isolate failures to smaller ambiguity group sizes may be adversely affected.
The result is higher costs to locate the failure to a single replaceable item. The cost of test
development may also increase. BIT design should be supported by the results of a failure
modes and effects analysis (FMEA). An FMEA (see 4.4.1.3.3) should be used to define those
failures that are critical to system performance, and to identify when the effects of a failure can
be detected using BIT. Without such information, BIT tests can be developed based only on the
test engineer's knowledge of how the system works, and not on whether a test needs to be
developed for a particular fault. Finally BIT must be a part of the product design or the risks and
consequences shown in Table VII can ensue. Further information on BIT design can be found in
Appendix C.

TABLE VII. Risks and Consequences of Not Making BIT Part of Product Design.

Risks Consequences
BIT is designed independently of the product BIT fails to support operational and maintenance needs
BIT is designed after the fact BIT's MTBF is less than that of the product
Production personnel are not consulted on BIT BIT is not effective in the factory

4.3.1.8 Interfaces and Connections. One area of design that poses problems for both the
reliability and maintainability engineer is that of interfaces and connections. Interfaces and
connections, of course, make it possible to remove or perform maintenance on individual items.
In disconnecting and reconnecting items, failures can be induced by mis-mating parts, cross
threading connectors, damaging interface devices, and so forth. Disconnecting and reconnecting
items accounts for much of the time needed to remove and replace items. In the case of high
voltage electrical or high-pressure hydraulic and pneumatic connections, injury can result if
proper precautions are not taken. The possibility of damage or injury, and the time associated
with connecting and disconnecting items can be minimized through proper design for
maintainability. Examples of such design are:

* [tems that can be connected and reconnected without special tools

* Simple connections with few moving parts

* Use of quick disconnects (self-sealing) in hydraulic/pneumatic systems
* Adequate space allowed to make connections and disconnections

* Items with safety interlocks
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Appendix D illustrates many of the types of mechanical and electrical connections used in
modern products. Appendix C includes detailed design guidelines for product interfaces and
connections.

4.3.1.9 Safety and Induced Failures. As indicated in 4.3.1.8, connecting and disconnecting
items within a product can pose safety risks or result in induced failures. As implied by the
name, an induced failure is one caused by human error or misuse. Unsafe conditions also can
result from human error and misuse. Mislabeling or lack of labeling, poorly written instructions,
omission of warnings, inappropriate choices of displays and controls, and so forth can also lead
to damaged or failed equipment, and to injury or death of operators or maintainers.

Some of the reasons that induced failures or unsafe conditions occur are:

e Operating or maintenance instructions or procedures are unclear or can be
misinterpreted

*  Warning labels are not properly placed or warnings in procedures not in correct
sequence

» Items not functionally interchangeable are physically interchangeable
* Blind matings do not have self-guiding features

* High failure items require low-failure items to be removed to facilitate maintenance
(unnecessarily increasing the removal rate for the latter)

* The operation of controls is contrary to intuition or common practice (i.e., a knob is
turned counter-clockwise to increase power)

* Informational displays are difficult to read or interpret

» Tasks are physically awkward to perform

Appendix C has many design guidelines intended to avoid unsafe situations and to reduce the
possibility of induced failures.

4.3.1.10 Standardization and Interchangeability. Standardization and interchangeability
are important, interrelated, maintainability design factors. Interchangeability is one of the
principal means by which standardization is achieved. @ Good examples of the close
standardization/interchangeability relationship are the standard size base for incandescent lamps
and the standard size male plug for electrical appliances.

This section stresses the economies of designing toward standardizing hardware and software
with that of existing customer products, or within the product under design.

4.3.1.10.1 Standardization Design Goals and Principles. Standardization is a design feature
for restricting to a minimum the feasible variety of items which will meet the hardware
requirements. Standardization includes not only parts but also: engineering terms, principles,
practices, materials, processes, software, etc.
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Standardization encourages the use of common items. It is important that maintainability
engineers strive for the design of assemblies and components that are physically and functionally
interchangeable with other like assemblies and components of the system. Standardization design
will reduce the need for expensive support facilities at all levels of maintenance.

Standardization, a major objective of maintainability, translates into achieving the following goals:

* Minimizing both the acquisition and support costs of a system

* Increasing the availability of mission-essential items

* Reducing training requirements both in number of personnel and the level of skill
required

* Reducing inventories of repair parts and their associated documentation.

To achieve standardization, the following design principles must be carefully considered:

* Make maximum use of all common parts and assemblies

* Reduce to a minimum the variety of assemblies and parts required, and, in doing so,
make certain that these basic types are: used consistently for each application and that
they are compatible with existing uses and practices

* Reduce to a minimum, by careful study of the simplification thus attained, the problems
of supply, storage, and stocking

* Simplify practices, by the same means, in the coding and numbering of parts

e Make maximum use of "off-the-shelf" components, tools, software and test equipment

Despite the advantages offered by standardization, a system should not necessarily be built
around a standard item - particularly if the standard item does not meet the required performance,
has a record of poor reliability or costly maintenance; or the standard item may satisfy a safety
requirement in most environments but not in the unusual environment for which it is being
considered. Technological advances may also dictate the development of new material or provide
a superior product to replace an existing one.

4.3.1.10.2 Interchangeability Design Goals and Principles. Interchangeability is the ability to
exchange parts or assemblies between like equipments, without having to alter or physically
change the item. This is an extremely important life-cycle cost design requirement.

Total interchangeability exists when two or more items are physically and functionally
interchangeable in all possible applications - i.e., when the items are capable of full, mutual
substitution in all directions. Functional interchangeability is attained when an item, regardless of
its physical specifications, can perform the specific functions of another item. Physical
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interchangeability exists when two or more parts or units made to the same specification can be
mounted, connected and used effectively in the same position in an assembly or system.

The two broad classes of interchangeability are:

* Universal interchangeable - Items that are required to be interchangeable in the field even
though manufactured by different facilities.

* Local interchangeable - Items that are interchangeable with other components made by
the same facility but not necessarily interchangeable with those made by other facilities.
This may result from different sets of measurement units employed in their design and
manufacture.

To attain maximum interchangeability, the following design principles should be applied:

* Functional interchangeability of parts and units should exist wherever physical
interchangeability exists - to avoid any potentially dangerous situation

* Physical interchangeability should not exist whenever functional interchangeability is
not intended
*  Whenever total - functional and physical - interchangeability is impractical, the items
should be designed for functional interchangeability, and adapters should be provided to
make physical interchangeability possible
* To remove latent doubt, sufficient information should be provided in documented
instructions and identification plates to enable the technician to decide positively
whether or not two similar items are actually interchangeable
» Differences should be avoided, where possible, in the shape, size, mounting, and other
physical characteristics of functionally interchangeable items
* Modification of parts and units should not change their manner of mounting,
connecting, and otherwise incorporating them into an assembly or system
* Total interchangeability should be provided for all parts and units that:
- are intended to be identical,
- are identified as being identical,
- have the same manufacturer's part number or other identification, and
- have the same function in different applications (especially important for parts

and units that have a high failure rate)

e Parts, fasteners and connectors, lines and cables, etc., should be standardized
throughout a system, particularly from unit to unit within a given system

*  Mounting holes and brackets should be made to accommodate parts and units made by
different facilities - i.e., make them universally interchangeable
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4.3.2 Design Tools. To assist in the design of maintainable products, various types of design
tools have been developed. These tools can be categorized as analytical, mockups, simulation
and virtual reality, handbooks and other reference documents, and expert systems. These
categories are discussed in the following sections.

4.3.2.1 Analytical. The majority of analytical tools available today - to assist the designer in
designing a maintainable product - are related to modeling the human being. Since the late 1970's
more than 50 different human models have been developed. Electronic representations of human
forms are used in simulation of equipment assembly, operation, and maintenance during the
design process in order to "walk through" these activities in order to identify and resolve human
interface problems before hardware is built. Early human models used only hands or arms to
check clearances for tool manipulation. Today's models create whole-body representations using
a basic "link" system resembling a human skeleton to enable posturing of the model within the
work environment.

Although a large variety of human models have emerged to support the design effort, there is
little agreement about how the human form should be configured, what constitutes valid data,
what are acceptable levels of accuracy, and what software/communications standards should be
adopted. Earlier human models focused on the physical or ergonomic aspects of human/machine
interaction. The focus today is on integrating this information with visual and cognitive
information processing requirements and with human modeling simulation to create an integrated
modeling technology. This provides additional realism not only through accurate replication of
human anthropometry, biomechanics and movement, but also in simulating purposeful and logical
behaviors in response to external stimuli and workload.

The purpose of all of these models is to integrate human performance analysis with Computer-
Aided Design (CAD) to provide the design team with a high degree of visualization of human
performance capabilities and limitations with respect to the product design. Through integration
of graphic human models with CAD product models, "rapid prototyping" of human/product
simulations or their results can be passed back to equipment designers for resolution of identified
problems.

Designing equipment that is easy to operate, assemble, and maintain is often hindered by poor
communications between the design team and personnel familiar with the operation, assembly, or
maintenance of similar or existing equipment. Improved communication among integrated
product development (IPD) team members can be accomplished by simulating equipment
operation, assembly, and maintenance using human modeling technology. Human models
combine animated 3-D human mannequin geometry with equipment geometry in order to "walk
through" designs so that problems can be solved early in the design process. They help to ensure
that human-centered design information is readily and accurately documented and preserved to
aid in human resources and related logistics planning requirements for system support. The
models are used first to influence a product's design for supportability, and then to document the
product requirements for human and logistics resources. Another major objective is the
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development and implementation of design evaluation technology for performance of "design
checking" and prescriptive human performance information for recommending corrective action to
equipment designers to conform to human performance requirements.

The term "human model" in this context refers to the 3-D, computer-graphic representation of a
human form for analysis purposes. It does not address human performance models that are
independent of the geometric aspects of the human body, e.g., human error models.

Human modeling systems can support both the design-requirements definition and design
evaluation when concepts are only represented in 3-D computerized form. The human design-
requirement definition can be accomplished using reach or vision envelops that describe the
minimum conditions a designer must satisfy for physical or visual access. Design evaluations, on
the other hand, usually focus on critical task segments in which the human/equipment interface is
tested for compliance with stated design requirements and freedom from "won't-fit" or "won't-
work" conditions.

Some of the important benefits of using human modeling in CAD are:

* Elimination of most physical-development fixtures by performing evaluations
electronically

* Reduction of design costs by enabling the IPD team to prototype more rapidly and test
a design among themselves

* Avoidance of costly design fixes later in the program by considering human factors
requirements early in the design effort

* Improvement of customer communications at every step of product development by
using compelling animated graphics to review and confirm equipment function.

Application of human modeling technology is likely to impact how engineers design, build, and
test products in the future. Those who are responsible for manufacturing planning, tool design,
or maintenance engineering will be able to communicate with structural and systems engineering
effectively to illustrate assembly or maintenance problems associated with new designs. It is
expected that human model applications will spread beyond what is traditionally called
engineering and be used by various IPD team members from factory-built units to product
support groups.

Human modeling software programs are available from a variety of suppliers. Unfortunately,
they have created models which are very different: both in functionality and in user interface, and
in the underlying data driving the mannequins. This diversity has created not only models that
look and behave differently, but also models that produce distressingly different results when
performing the same engineering analysis.
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For these reasons, the Society of Automotive Engineers (SAE) has formed an ad hoc committee
to formulate standards to promote the orderly growth of this technology. The SAE Human
Modeling Technology committee has established three major subcommittee activities: user
requirements, human model definition, and software standards. A fourth subcommittee activity
is being considered on the topic of human performance models that would address human error
prediction, human workload, and task time estimation.

4.3.2.2 Mockups. As products became more complex, conceptualizing shape and fit from a
two-dimensional drawing became increasingly difficult. As a pre-production version or
prototype of the product was constructed, the consequences of inaccurate conceptualization
evidenced itself in structural components that would not properly mate, hydraulic lines that did
not connect as planned, and so forth. To solve this dilemma, engineers began using mockups of
critical sections of the product, sometimes of the entire product. Constructed of inexpensive
materials, mockups are non-functioning, dimensionally accurate, and usually full-scale models of
the product. Mockups allow the fit and mating of components to be checked before constructing
any functional hardware. Although being supplanted by computer-aided design and virtual
reality, mockups are still useful tools due to their simplicity and relatively low cost'".

4.3.2.3 Simulation and Virtual Reality. Simulation, as used here, is a method for
representing or approximating an object, event, or environment. In this context, simulation can
include physical mockups, computer models, or mathematical models. Virtual reality, or VR, is a
new technology that has been defined as the total or near total immersion of an observer in a
three-dimensional, synthetic environment in which the observer interacts with the environment.

Simulation. Simulation is frequently used to evaluate the maintainability characteristics of
a design. Mockups can be built to represent a finished product so that access for performing
maintenance, for example, can be evaluated.

Virtual Reality. VR is a method of simulating an environment that:

* is too dangerous for an observer
* lacks elements, such as an aircraft or other item of study
* does not exist

* is not accessible

Three different types of VR have been developed. Although not all these types exactly fit the
definition of virtual reality, they do represent variations of the same basic technology.

11Very sophisticated mockups have been constructed. For example, an expensive, full-scale, left half (bisected down
the longitudinal axis) of the B-1A bomber was built by Rockwell. The wing was sweepable. Normally, mockups
are relatively simple and inexpensive.
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The three types of VR are:

* Telepresence in which observers perceive and interact with a distant environment

* Augmented reality, a combination of a real and synthetic environment, in which a real
environment is annotated or augmented with additional details or elements

* Virtual reality in which a synthetic environment is created for the observer

Telepresence is used when the environment is dangerous or inaccessible. An example of the
former case is disarming a bomb, a hazardous task for a person, even if wearing a helmet, body
armor, and other safety devices. A robot equipped with telepresence can be operated by an
operator located a safe distance from the bomb with almost the same feeling of "being there" as if
he or she were actually at the site of the bomb. An example of the latter case is controlling robots
in earth orbit from a ground station on earth.

In augmented reality, information and details are "added" to the real world, providing guidance,
instructions, and so forth to help an observer's understanding or performance. Three examples
follow. First, in an augmented reality approach to video conferencing, a three-dimensional image
of a new product still in design could be generated from computer-aided design (CAD) files and
"placed" on the desk or table in front of each conferee. The nomenclature of parts could be
"superimposed" on them and would "follow" them no matter how they were moved within the
range of the video camera. Another example of the use of augmented reality is the superimposing
of the proper locations for drilling holes in an aircraft skin with other information, such as proper
hole size. Finally, surfaces or features of an item that are physically occluded can be displayed
as an overlay so that an observer can "see" them without disassembling the item.

In a total virtual reality environment, nothing (or very little) but the user is "real." Objects and
their physical characteristics, the physical environment, the time of day, and so forth are all
generated by a computer and displayed to the user, usually through goggles or a helmet. The user
"sees" and can interact with objects in the environment.

Applications for Maintainability. VR has definite applications for designing maintainable
equipment. For example, based on computer-aided design data files, a virtual copy of the
product can be "produced." The maintainability engineer can then enter a virtual environment
(VE) in which maintenance can be "performed" on the product. The accessibility of components,
whether an item fits in an allocated space, and the approximate time required to perform specific
maintenance actions all can be evaluated using VR. Virtual copies of support equipment, such as
dollies and lifting devices, can be evaluated by "performing" maintenance activities with them.
VR maintenance aids could allow technicians to view virtual information panels "superimposed"
(using augmented reality techniques) on the actual equipment. In general, virtual reality can be
used by the maintainability engineer to analyze:

* reachability and access
o field of view
* posture
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* lifting guidelines
* energy expenditure
e activity timing

In addition to designing for maintainability, VR has many potential training applications.
Maintenance and manufacturing procedures, especially procedures that are seldom performed or
are difficult to teach using conventional approaches, can be taught using VR. VR could also be
used to train individuals in performing hazardous procedures, disposing of hazardous materials,
or performing life-threatening procedures. For example, surgeons can now "perform" operations
without actually using any physical tools or a live patient.

As has been the case with previous new technologies, the possible uses of VR cannot be fully
appreciated or anticipated. As VR matures, the applications related to design for maintainability
will certainly increase in number and in fidelity.

4.3.2.4 Handbooks and Other Reference Documents. Hard-copy handbooks and similar
reference documents are considered by some to be passé in today's world of computer-based
design and virtual reality. None-the-less, much of the knowledge gained over the years as well as
new information is documented in handbooks, manuals, data books, and so forth. Guidance,
rules-of-thumb, lessons-learned, and similar information, together with explanations make
handbooks and other reference documents important resources for the engineer. Some older
documents are being "digitized" for entry into computer data bases making it easier to search and
update the information. Nearly all new documents are created in digitized form.

4.3.2.5 Artificial Intelligence. Various forms of artificial intelligence (Al) are beginning to be
used in the field of maintainability, particularly in the design of diagnostic tools. Individual Al
techniques include: Expert Systems, Fuzzy Logic and Neural Networks. The structural basis and
respective advantages and disadvantages for each of these techniques is summarized in Table
VIIL

TABLE VIII. Comparison of Al Techniques.

Expert System

System Model

available

of a unique model for each
problem

Technique Basis Advantages Disadvantages Application to Maintainability
Rule-Based "[F..THEN" Audit trail possible | Difficult to capture Expert systems for design and for
Expert System | Logic "intuitional" rules fault diagnosis. Based on

knowledge of human "experts".
Model-Based | Functional Specific models are | Requires the development | Expert systems for design and for

fault diagnosis. Adds model of
problem to expert knowledge.

Fuzzy Logic | Converts 1) Eliminates Each individual output Expert systems for design and for
discrete logic stepwise must be "defuzzified" fault diagnosis. Allows for non-
into approximations discrete inputs and outputs.
continuous 2) Easy to "Fine
values Tune"

Neural Numerous 1) Trained by 1) No theoretical Expert systems for design and for

Network interconnected example understanding fault diagnosis. Can be "trained" by
simple 2) Insensitive to 2) No practical guidelines | non-experts. Can capture
processing "Noise" 3) No audit trail possible [intuitional as well as procedural
modes 3) Able to capture rules.

"Intuitional"
rules
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4.3.2.5.1 Expert Systems. "Expert systems" are becoming an important maintainability tool,
especially as industry downsizes with a concomitant loss of individual company "maintainability
experts." Expert systems are used to "capture" and codify the knowledge of one or more experts
in a given field or area of study and to make this knowledge available to non-experts.

For maintainability, a major use of expert systems is in diagnostic tools. The diagnostic
capability of expert systems has been successfully demonstrated in both the medical and
maintainability fields. Whether the problem is to identify a specific illness afflicting a patient or
to identify the cause of an observed system or equipment failure, expert systems have proved to
be efficient and effective.

Another potential use of expert systems in the field of maintainability comes as a result of
"downsizing" and the use of integrated product design teams (IPDTs). As companies have
downsized, the number of individuals employed as "maintainability engineers" has decreased.
Many years of corporate experience are being lost and the few remaining maintainability
engineers are spread thin. Where IPDTs are used, an engineer who may know very little about
maintainability, may very well be given the responsibility for that aspect of design. Expert
systems can help "replace" the maintainability engineer and assist those given the responsibility
for maintainability design. As part of a computer-aided design system, an expert system could
guide the designer in equipment placement, selection of fasteners, design of access panels and
hatches, and so forth.

Although no companies were found using expert systems as a maintainability design tool at the
time this handbook was published, many were developing knowledge bases. McDonnell
Douglas, for example, is consolidating thousands of design "rules" that have been developed over
the years for a variety of products, including fixed-wing aircraft and helicopters. Entered into a
data base, these design rules will be available to the engineers as part of the CAD system used by
McDonnell Douglas. Such a knowledge base, as will be discussed in 4.3.2.5.1.1, is an essential
part of a rule-based expert system.

Two distinct types of expert systems are used: rule-based and model-based.

4.3.2.5.1.1 Rule-Based Expert Systems. Rule-based expert systems operate through a set of
"IF....THEN" rules processed by an underlying "inference engine". A typical rule-based expert
system is composed of four major elements: the Inference Engine, a Knowledge Base, a User
Interface and an Explanation Facility.

The Inference Engine is that part of the expert system that performs the reasoning. It is
analogous to the raw intelligence of a human expert. Many different forms of inference engines
exist, but all are designed to perform the same task, i.e., to examine the current facts and use
available rules to generate new facts.
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The Knowledge Base is where the information resides within the expert system. It consists of
two distinct parts: the rule base "IF <condition> THEN", and the fact base containing simple
statements about the condition of the world, as it is applicable to the problem under study.

The User Interface enables the expert system and the user to communicate. The exact form of
this interface depends on the intended audience for the expert system.

The Explanation Facility presents the user with the expert system's justification for its
conclusions, i.e., an audit trail, as necessary.

A typical expert system initially partitions the problem by applying a broad set of inference
rules to an initial set of data describing the problem or the symptoms. Each of these inference
rules will take the inference engine to a further data-acquisition stage (typically another, more
directed, questionnaire) or the establishment of a new fact. This process of a directed search with
additional data gathering continues until the expert system has reached a leaf node in the resulting
decision tree. Some inference engines may resolve an ambiguity, when several inference rules
evaluate as TRUE to a given data set, by selecting the one with the highest associated weighting
or confidence factor; others may use a different approach (e.g., fuzzy logic -- see 4.3.2.5.2).

The rules in the knowledge base, that portion which drives any expert system, are painstakingly
constructed by an expert systems specialist interrogating the knowledge expert and subsequently
codifying the often imprecise descriptions of their thinking processes into inference rules,
possibly with numerical limits. For example a rule for a medical diagnostic expert system may
state:

"IF heart rate > 100 beats per minute AND body temperature > 101°F
THEN recommend that patient be placed in an ice bath".

The fact portion of the knowledge base would simply record the patient's heart rate and
temperature.

A general approach for the physical development of a maintainability expert system is shown in
Figure 9.

It may be difficult to capture all of an expert's knowledge in an expert system knowledge base
because the expertise is encoded as a causal relationship. "Rational" knowledge, where the
solution can be described analytically, is comparatively straightforward to codify into inference
rules. "Semi-rational" knowledge, where the expert can specify suitable ranges for conditions, but
cannot (easily) defend the choice of these ranges are more difficult. This process may take some
detective work by the expert system specialist. Unfortunately, however, much of what "makes
an expert" occurs at an intuitional or visceral level, where even the expert is unaware of the
underlying mechanism behind their decisions and may even be unable to quantify appropriate
ranges. This area presents the major challenge and limitation in the design of a rule-based expert
system. The following three sections will address some alternative solutions to this problem.
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FIGURE 9. Steps in a General Approach for the Physical Development of a
Maintainability Expert System.

4.3.2.5.1.2 Model-Based Expert Systems. The second type of expert system - the model-
based system - uses a specific functional model to diagnose the observed symptoms and devise a
solution to the problem. The knowledge base is usually organized around a functional or
representative model of the system, but it is sometimes preferable to use an actual physical
model. This model now provides the procedure with a focus of attention directed toward
expected goals and guides the process in determining the effects of system/equipment failure
symptoms. In the area of testability a number of detail models have been developed. These
include models such as: WSTA, STAT and STAMP which are addressed in more detail in section
4.4.1.3.4.1 of this handbook.

4.3.2.5.2 Fuzzy Logic. Fuzzy logic is essentially an expert system structure tailored to deal
with continuous-valued inputs and outputs instead of discrete lexical elements. Thus, fuzzy logic
can potentially reduce the number of rules required in a system. This is achieved through clever
preprocessing of the inputs, where each continuous input value is "fuzzified" or converted from a
precise numeric value to a degree-of-membership in a "fuzzy set" as shown in Figure 10. Fuzzy
logic is attractive because it allows for conflicting "expert opinion," thereby allowing the use of
information normally excluded from scientific models. For design, fuzzy logic can be used to
define a range of feasible design parameters even when historical data are insufficient to use
tractional probability-based approaches.

When an input falls into a region where two or more fuzzy sets overlap, it simply produces a

degree-of-membership in each of the overlapping sets. An output term of a fuzzy logic system is
itself a fuzzy set, which must be "defuzzified" or converted back to a precise (i.e., "crisp")
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numeric value. This is done by taking the centroid of the part of the output fuzzy set lying
below the degree-of-membership output value. This degree-of-membership can result from a
straight mapping of input fuzzy set to output fuzzy set, as shown by Rule 1 in Figure 10, or
from a logical combination of rules'? as used in an expert system (Rule 2 in Figure 10). When
two or more inference rules trigger on a given output, the "crisp" output is calculated as the
centroid of the areas of the contributing rules.

Rule 1: Rule 2:
IF pressure is high THEN IF temp is cold AND capacity is

valve position is medium full THEN valve position is wide

| COLD MEDIUM  WIDE
0.8
Degree
of
Membership
0
50 Temp.
1 FULL -7
,-
Degree |  /_____ 4
of 0.6
Membership ! Output from Output from
/ Rule 1 Rule 2
0 ' 53°
Capacity /
60 gal , Final output (centroid
HIGH of all applicable rules)
v 4 /
Degree !
of
Membership . 0.4
L

121 psi Pressure

FIGURE 10. Fuzzy Logic Set Membership.

By providing the means for an expert system structure to treat continuous inputs and outputs as
lexical elements, it eliminates the stepwise approximation a classical expert system would
normally be forced to use in such a situation. This significantly reduces the number of inference
rules required and makes the program structure more clear. Also, because the mapping between
inputs, outputs and lexical elements is done via simple curve functions, a fuzzy system is easier
to "fine tune". Thus a given fuzzy solution can be taken to other similar domains by rescaling or
reshaping the input and output curves while leaving the logical inferences unchanged.

4.3.2.5.3 Neural Networks. Artificial neural networks consist of a large number of densely-
interconnected simple processing nodes, each of which produces a non-linear result of a weighted

12 The AND operator selects the smallest degree-of-membership of its operands, while the OR operator selects the
largest degree-of-membership.
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sum of its inputs (e.g., the output is a binary "1" if the sum exceeds a set threshold). The input
stimuli and/or the outputs of other neurons are typically as shown in Figure 11. While there are
numerous architectures of neural networks, they all work by partitioning the N-dimensional
stimulus space into a series of continuous regions and as such, serve as "feature detectors" where
the output (1,0) of an output-stage neuron represents the presence or absence of a desired
feature. This behavior is especially useful in pattern recognition.

[ Each connection is individually weighted }

Input m Q ;\\_/ >O Feature m

Input layer Hidden layer(s) Output layer

FIGURE 11. Typical Neural Network Configuration.

Neural networks, unlike expert systems or fuzzy logic, do not partition the stimulus space based
on explicit rules. Rather, they are "trained" with sets of example stimuli and desired outputs.
The training procedure gradually adjusts the weighting coefficients on each neuron's input until
the global error is minimized. Successive training sets for other stimulus-response sets alter the
coefficients, but a "memory" of previous training sets remains. Given a sufficient number of
training sets, the neural network gradually converges to a stable set.

Neural nets have four significant advantages over expert systems:

1) While they are slow to train, neural networks can be trained by someone who is not an
expert in the field (the training data sets, however, must be prepared by such an expert).
This can translate into considerable time and cost savings.

2) Because the network is trained by example, it can capture the intuitional expertise as
well as the procedural aspects.

3) The neural net automatically creates contiguous regions in the stimulus hypercube,
eliminating the: region gap, overlap, and understatement problems inherent in expert
systems.
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4) Neural networks have been shown to be robust in the face of the noisy data found in
nature. They require little or no sensor calibration or special non-linear quantization
schemes.

Several factors, however, mitigate against the use of neural networks. These include:

* Lack of a sound theoretical understanding of neural networks.

* Absence of practical guidelines for selecting amongst the multitude of competing
architectures. Network architecture is often a matter of personal taste.

* Lack of an established means for determining the correct number of neurons to use in a
given architecture for a given problem. Practitioners typically add neurons until they
achieve a desired level of network stability.

* Neural networks are sensitive to the training data: With too little training neural nets
tend to misidentify stimuli (i.e., mispartition stimuli space). They can also exhibit
pattern sensitivity to some data sets. That is to say, the network will not converge to a
stable configuration, but oscillates between two or more metastable regions.

* Attempts to deal with metastability and divergence often incur a rapid growth in the
number of neurons.

* Neural networks are unable to provide an audit trail showing how or why an incorrect
decision was made. This makes them much harder to debug than expert systems, and
also poses some interesting liability issues.

In summary, neural networks provide several distinct advantages over classical expert systems,
most notably, a) training by example, b) robust pattern matching in the face of noisy or
incomplete data, and c) the ability to capture an expert's intuitive knowledge. However, they
operate "mysteriously"”, in a field with few landmarks. This makes neural network solutions
difficult to develop.

4.4 Maintainability Analyses and Test

4.4.1 Analyses. This section first discusses the objectives of maintainability analyses. Next,
the typical products or outputs of maintainability analysis will be outlined. Finally, brief
descriptions will be provided of the most common maintainability analyses.

4.4.1.1 Objectives of Maintainability Analyses. Maintainability analyses have five main
objectives.

* To establish design criteria that will provide the necessary maintainability features
* To support the evaluation of design alternatives and trade-off studies

* To provide inputs to the process of identifying and quantifying support requirements
(spares, training, support equipment, etc.)
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* To evaluate the effectiveness of the support concept and maintenance policies and to
identify needed changes to the concept and policies

* To verify that the design complies with the maintainability design requirements

4.4.1.2 Typical Products of Maintainability Analyses. The products of performing
maintainability analyses include but are not limited to:

* Mean and maximum times to repair (at various levels of maintenance and at platform
and unit level)

* Inputs to level of repair analysis
* Maintenance time or labor hours per task or operating hour

* Inputs to maintenance personnel requirements (e.g., number required, existing or special
skills, etc.)

* Inputs to spares requirements

* Support equipment requirements

¢ False alarm rates, methods of fault detection, and effectiveness of BIT
* Mean time between scheduled and preventive maintenance

* Maintainability Models and Block Diagrams

4.4.1.3 Commonly Used Maintainability Analyses. The depth and scope of any analysis
will vary with the design detail available and the complexity of the equipment. Some analyses are
performed for other purposes. For example, an FMEA is usually performed as part of the
reliability effort to identify potential weaknesses in the design. In such cases, to avoid
duplicative effort, it must be decided who will be responsible for the analysis.

The various types of maintainability analyses include but are not limited to (a brief description of
each of these analyses follows):

* Equipment Downtime Analysis

* Maintainability Design Evaluation
* FMEA

» Testability Analysis

*  Human Factors Analysis

4.4.1.3.1 Equipment Downtime Analysis. Equipment downtime analysis is used to evaluate
the expected time that a piece of equipment is not available (i.e., it is down) due to maintenance
or a supply backlog. This value is the sum of elapsed maintenance time, awaiting parts time, and
awaiting maintenance time. It is a primary measure of merit that considers reliability,
maintainability, support system attributes, and operational environment. The results of this
analysis may be used to calculate other equipment measures of merit, such as mission capable
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rate and equipment availability. The results of the analysis indicate those areas driving non-
availability of the equipment and are used to evaluate alternative design and support concepts
based on total system downtime.

Equipment downtime is derived by using the reliability and maintainability parameters and
support parameters. Downtime (DT) is the sum of elapsed maintenance time (EMT), awaiting
parts (AWP) time, and awaiting maintenance (AWM) time, and can be expressed as:

DT = EMT + AWP + AWM (Equation 5)

where: This parameter indicates repair time for corrective (unscheduled) maintenance.
EMT is a function of failure rate, maintenance action rate, maintenance action to
failure ratio, and mean time to repair. It can also include administrative and
logistics delay.

AWP time combines mean operating hours between demands, not repairable this
station (NRTS) rate, and expected available inventory to determine the expected
length of time a part is not available due to stockout conditions.

AWM time is the expected length of time the equipment cannot be worked on due
to any other considerations such as unavailable personnel, administrative delays,
logistics delays other than spare parts (e.g., support equipment), and weather
delay. This is usually derived from field data.

Equipment downtime analysis is typically performed at the total system level to provide the
operator with information that can be used for: (1) alternative design or support system concept
comparisons, (2) operations or mission planning, and (3) readiness capability assessment.
Individual subsystems and lower indenture equipment items can also be evaluated using this
analysis approach to identify the effects of individual equipment modifications or high-driver
contributors to overall system downtime.

Equipment downtime analysis may be used any time during the program or product life cycle.
The depth of this analysis increases as the system is more completely defined and parametrically
described in the later phases of a program. Early use of downtime analysis will provide criteria
to influence design for supportability, while later use will point out corrective actions that can be
taken through changes in the design or support system.

Equipment downtime analysis results in a figure of merit called "equipment downtime," measured
in hours, days or other time cycle appropriate for the equipment evaluated. It can be used to
identify areas driving system non-availability, to compare alternate design or support system
concepts, and as input to other equipment capability measures.

4.4.1.3.2 Maintainability Design Evaluation. Maintainability design evaluation is the
process of analyzing the maintenance implications of a proposed or evolving design and
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providing feedback to the designer in a timely manner. A major goal of this evaluation is to
ensure that maintainability is designed into the product from the start.

The process starts with a set of standards available to the designer and maintainability engineer.
These standards normally consist of a preliminary "use study," maintenance concept, qualitative
and quantitative maintainability requirements, and lessons learned. The in-process evaluations
refine the maintenance concepts that will later form the basis for the maintenance elements of
logistics support analysis.

The depth of this analysis depends on the phase that the design program is in at the time and the
complexity of the equipment being designed. More complex equipment will need extensive
evaluation to ensure that all maintainability requirements are being met. The design criteria in
Appendix C provide a basis for evaluating a design for maintainability.

4.4.1.3.3 Failure Modes and Effects Analysis (FMEA). Traditionally, the FMEA (referred to
as a Failure Mode, Effects, and Criticality Analysis, or FMECA, when the criticality of failures
is also determined) has been used as a reliability analysis and design tool. However, the results of
an FMEA are also a key input to the design for maintainability. The FMEA helps establish the
necessary maintainability design characteristics based on potential failure modes and their effects
on subsystems, equipment, and product operation. The results of the FMEA are used to
determine placement and nature of test points, to develop troubleshooting schemes, to establish
design characteristics relative to the ease of maintenance, and to develop fault detection and
isolation strategies (the use of an FMEA as an input to testability analysis is discussed in
4.4.1.3.4).

Some of the prime outputs of an FMEA, from a maintainability viewpoint, include:

* Identification of single point failures
» Fail-safe design deficiencies
» False alarm occurrences
* Operator/maintenance person safety considerations
* Potential failure detection methodology, including
- Protective and warning devices
- Failure over-ride features
- Built-in test (BIT) provisions

The FMEA should describe the means by which the occurrence of a specific functional failure
(failure mode) is detected and localized by the operator or maintenance person. FMEA outputs
are very important to the design of a system's diagnostic system, which may include BIT. By
identifying both local and next higher level effects of each potential system failure mode, methods
for identifying, annunciating, and isolating the failures modes that affect system operation can be
devised. Any applicable warning devices, BIT indications, or other indications which make
evident that an item has failed or malfunctioned should be clearly identified. If no such indication
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exists, the situation should be flagged in the FMEA as a potential maintainability problem.
Proper recognition of an item failure or malfunction requires that normal, abnormal, and incorrect
indications be known. A normal indication is one that is obvious to an operator or maintenance
person when the item is operating normally. Abnormal and incorrect indications are those that
are evident when an item has malfunctioned or failed.

As indicated in the list of maintainability-related FMEA outputs, an FMEA can be used to
identify potential false alarms. False alarms often occur when the system's BIT detects and
annunciates a failure during operation that cannot be repeated or duplicated later at the initial
maintenance level. A false alarm can occur when the failure is an out-of-tolerance condition that
exceeds the preset BIT limits that define "good" indications of system operation. The FMEA
can be used to identify those failure modes that result in an out-of-tolerance condition rather than
in a hard failure. This knowledge can then be used to design the BIT so it recognizes such a
condition and only declares a failure if the condition persists over a specified period (time, cycles,
etc.) of operation. This is one example of how an FMEA can be used to avoid false alarms.
Another example is when the out-of-tolerance condition has no effect on system operation.
Without this knowledge, the BIT could be designed to declare a failure, resulting in an
unnecessary mission abort. With such knowledge, the BIT can be designed to ignore
(intentionally over-ride) this condition, allowing the mission to be completed.

Finally, the FMEA can be used to identify failures that are undetectable but have no effect on the
mission. In such cases, the consequences of a second failure can be analyzed. For those cases in
which the mission would be jeopardized by the second failure, the FMEA can be used to
determine whether or not a failure indication would now be evident to the operator, maintenance
person, or BIT.

Figure 12 illustrates the steps in an FMEA. As mentioned earlier, when the criticality of each
failure mode is also determined , the analysis is known as a FMECA. Figure 13 illustrates a
typical FMEA worksheet. References that describe a detailed methodology for performing an
FMEA are listed in Appendix F. Note that the text of the Society of Automotive Engineers
(SAE) document J-1739 is essentially identical to that of Automotive Industries Action group
(AIAG) document "Potential Failure Modes and Effects Analysis (FMEA). Both are listed in
Appendix F for the sake of completeness and to avoid the impression that one is preferred over
the other. Finally, Figure 14 shows an abbreviated results of an FMEA performed on a solid
rocket motor.
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FIGURE 13. Typical FMEA Worksheet.
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FMEA
1. Subsystem: Rocket Motor 2. FMEA Prepared by: A. N. Engineer 3. Date: January 3. 1993
Component or Item Failure Mode Cause of Failure Effects
1. Motor case 1. Rupture 1. Poor workmanship Destruction of missile
2. Defective materials
3. Damage during shipping
4. Damage during handling
5. Damage during storage
6. Overpressurization
2. Propellant grain |- Cracking 1. Abnorn_lal stresses from cure  [{. Excessive bu.m rate
2. Voids 2. Exgesswely low temperature |2 Overpressurization
3. Bond separation 3. Aging 3. Motor case rupture
during operation
3. Liner 1. Separation from case 1. Inadequate cleaning of case [1. Excessive burn rate
2. Separation from motor after fabrication 2. Overpressurization
grain or insulation |2. Unsuitable bonding material |3. Motor case rupture
3. Bonding process inadequate during operation
or not in control

FIGURE 14. Abbreviated Results from FMEA of a Solid Propellant Rocket Motor.

4.4.1.3.4 Testability Analysis. Testability analysis is important at all levels of design and can
be accomplished in a variety of ways. For instance, when designing complex integrated circuits
(ICs), such as Application Specific ICs, or ASICs, it is important to develop test vectors that
will detect a high percentage of 'stuck at' faults (i.e., signal stuck at logic '1' or '0"). This is almost
always determined via logic simulation wherein a model of the design is developed in an
appropriate fault simulation language. Once the model is compiled and ready to be simulated, a
set of test vectors are applied to the model. The fault simulation program then produces a list of
faults detected by the test vectors, as well as reporting the percentage (or fraction) of faults
detected. Many such programs also identify specific signals that were not detected such that
adjustments can be made either in the design or in the test vectors themselves in order to increase
fault detection percentage.

For non-digital electronics, fault detection efficiency is typically determined with the aid of an
FMEA. The FMEA will provide those faults that result in an observable failure, and can
therefore be detected. The test engineer then must develop a test that will verify operation and
detect any malfunctions as identified in the FMEA. Fault detection percentages are then
determined by summing the number of faults identified in the FMEA that are detected versus the
total number identified as being detectable. This process can occur at all levels of design. The
fault grading methods described in the first paragraph above are primarily applied at the IC and
printed circuit card levels.

In addition to determining fault detection percentage, a testability analysis should be performed

to determine the fault isolation effectiveness of designed tests. For digital electronics, many of
the tools used to grade test vectors also provide statistics on fault isolation percentages. This is
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typically provided by creating a fault dictionary. During fault simulation, the response of the
circuit is determined in the presence of faults. These responses collectively form the fault
dictionary. Isolation is then performed by matching the actual response obtained from the circuit
or test item with one of the previously computed responses stored in the fault dictionary. Fault
simulation tools can determine from the fault dictionary the percentage of faults that are uniquely
isolatable to an ambiguity group of size n (n =1, 2, 3, ...). These tools can be used to verify
fault isolation goals or requirements via analysis, prior to actual testing. For non-digital circuits,
hybrid circuits or even digital systems above the printed circuit card level, analysis of fault
isolation capability can be performed with the aid of a diagnostic model and a software tool that
analyzes that model. Examples are dependency modeling tools such as the Weapon System
Testability Analyzer (WSTA), System Testability Analysis Tool (STAT) or the System
Testability and Maintenance Program (STAMP)'®. These tools, and others like them, can be
used to determine the fault isolation capability of a design based on the design topology, order of
test performance, and other factors such as device reliability. Statistics such as percentage of
faults isolatable to an ambiguity of group size n are provided, as is the identification of which
components or modules are in an ambiguity group for a given set of tests. Test effectiveness and
model accuracy are the responsibility of the test designer, however.

4.4.1.3.4.1 Dependency Analysis. Assessing testability via dependency analysis has gained in
popularity recently, and it is therefore prudent to provide some additional information on this
technique. Dependency analysis starts with the creation of a dependency model of the item to be
analyzed. The model is designed to capture the relationship between tests or test sites within a
system, and those components and failure modes of components that can affect the test. As an
example, consider the simple functional block diagram shown in Figure 15.

T1 o[ i T2 o o | E

L » 3 —pl4

FIGURE 15. Simple System Showing Test Dependencies.

The dependency model for the system, in the form of a tabular list of tests and their
dependencies is provided in Table IX.

B STATisa registered trademark of DETEX Systems, Inc. and STAMP is a registered trademark of the ARINC
Research Corporation. WSTA is a tool developed by the US Navy and available to most US Government
contractors and US Government employees.
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TABLE IX. First Order Dependency Model for Simple System.

Test First-Order Dependencies
T1 None
T2 Cl, Tl
T3 C2, T2
T4 C3, T2

Figure 15 has been labeled to identify each potential test site within the system, where in this
example, exactly one test is being considered at each node. The dependency model shown in
Table IX is a list of "first-order dependencies" of each test. For example, the first order
dependency of test T3 is C2 and T2. This would indicate that T3 depends upon the health of
component C2 and any inputs to C2, which is T2 in this case. For this simple system, it is also
obvious that T3 will also depend on C1 and T1, but these are considered higher-order
dependencies. Each of the tools mentioned previously (i.e., STAT, STAMP and WSTA),
determine all higher order dependencies based on a first order dependency input model.

Dependency modeling is attractive due to its applicability to any kind or level of system. Note
in the example that neither the nature nor level of the system is required to process the model.
Consequently, this methodology is applicable to most any type of system technology and any
level (i.e., component to system).

Based on the input model, the analysis tools can determine the percentage of time isolation to an
ambiguity group of n or fewer components will occur. In addition, each of the tools discussed
will also identify which components or failures will be in the same ambiguity group with other
components or failures. Furthermore, any test feedback loops that exist, including those
components contained within the feedback loop, will also be identified. Note that the ambiguity
group sizes and statistics are based on a binary test outcome (i.e., test is either good or bad), and
in most cases the tools assume that the test is 100% effective. This means that if the model
indicates that a particular test depends on a specified set of components, the tools assume that
should the test pass, all components within the dependency set are good. Conversely, a failed
test makes all of the components within the dependency set suspect. Therefore, the accuracy of
the model, in terms of what components and component failure modes are actually covered by a
particular test are the responsibility of the model developer. The coverage is very much
dependent upon test design and knowledge of the system's functional behavior.

Even before intimate knowledge of what tests are to be performed is known, such as in the early
stages of system development, a model can be created that assumes a test at every node, for
instance. The system design can be evaluated as to where feedback loops reside, which
components are likely to be in ambiguity, and where more visibility, in terms of additional test
points, need to be added to improve the overall testability of the design. Once the design is more
developed, and knowledge of each test becomes available, the dependency model can then be
refined. Given that the analyst is satisfied with the model results, each of the tools discussed can
be used to develop optimal test strategies based on system topology and one or more weighting
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factors such as test cost, test time, component failure rates, time to remove an enclosure to access
a test point, etc..

One of the drawbacks in the past to dependency modeling has been the time it takes to create a
model. However, translation tools exist and are continuously being developed that can translate a
design captured in a CAD format, such as the Electronic Data Interchange Format (EDIF), into a
dependency model compatible with the specific dependency analysis tool being used. The
analyst is still responsible for verifying the accuracy of the model, however, as in some cases, not
all dependencies will be 100% correctly translated. Despite this fact, the amount of time that can
be saved in translation out weighs any additional time it may take to verify the model.

4.4.1.3.4.2 Dependency Analysis Tools. The three tools mentioned, STAT, STAMP and
WSTA, provide the same basic kinds of outputs as just discussed. Each tool has other features
that may be attractive depending on the system being analyzed, CAD tools being used in the
design process, etc. Therefore, more information should be gathered on these and other similar
tools prior to making a final decision as to which one to acquire. Contact information for STAT,
STAMP, WSTA, and similar tools is provided in Appendix F.

The key points to remember about any of these tools is that model accuracy is most important.
Therefore, it is important to understand how the system behaves in the presence of a failure, and
which tests can be developed to detect such behavior. Thus, to gain the most benefit from the
model development process, experts in design and test should be involved. For additional
information on dependency analysis and dependency analysis tools and their applications, see
references listed in Appendix F.

4.4.1.3.4.3 Other Types of Testability Analyses. Other types of analyses that do not
require the use of a software tool are ad hoc procedures, such as reviewing a design against a
known set of testability design practices, such as the checklist found in Appendix C. Grumman,
and later Raytheon, developed such a procedure for the US Air Force Rome Laboratory that rates
a design based on the presence or absence of design features that increase or decrease ease of test.
The result is a score that is subjectively evaluated as indicating the design is anywhere between
untestable without redesign to very testable. Used in conjunction with a design guide, also
developed as part of the process by the mentioned companies, this method can be very effective
in making the test engineer's job easier and less costly. Some of the testability design guidelines
taken from the report referenced in the footnote'* are provided in Appendix C. Testability
analysis is a combination of applying any of the above mentioned techniques to a system design,
and should be tailored according to the design level and design technology.

4.4.1.3.5 Human Factors Analysis. One of the most basic maintainability requirements is
that the system be easy to maintain by human personnel. Maintainability analysis of a system

14 RL-TR-92-12, VOLUMES I & 1II - Testability Design Rating System: Testability Handbook (Volume I) &
Analytical Procedure (Volume II).
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typically involves maintenance tasks that deal with the repair or removal and replacement of a
part or subassembly. Maintenance tasks usually involve the disassembly, which is needed to
access the target component, component repair or replacement and subsequent reassembly.

Thus, human factors analysis is performed to identify problems related to the interaction
between maintenance personnel and the design model in performing each maintenance task. This
analysis is used to verify that each required maintenance task, and its associated motions and
manipulations, can be performed by humans. It deals more with the qualitative requirements
than the quantitative requirements. Also, it is extremely important, that this analysis be done
while the product is still in the early design stages, i.e., before any "metal is bent."

Human factors problems may involve the limited strength of maintenance personnel, limited or
no work clearance required to carry out the task, i.e., accessibility problems and problems related
to visual requirements of the maintenance person performing the task. Thus, human factors
analysis involves three major considerations:

» Strength analysis
* Accessibility analysis

* Visibility analysis

Strength analysis. This analysis is used to determine the feasibility of the disassembly and
assembly sequences. Determine whether or not the maintenance person is able to carry out a
maintenance activity that requires a certain level of human strength. That is, to evaluate the
ability of the maintenance person to carry, lift, hold, twist, push, and pull objects in a standard
body position (i.e., standing, bending, sitting, squatting, lying, etc.). Strength analysis can be one
of the most important criteria for the evaluation of a maintenance task.

Accessibility analysis. This analysis is performed to identify design problems related to the
inability of maintenance personnel to access the work area, i.e., to detect possible collisions
during the maintenance activity.

Visibility analysis. For some maintenance activities it is important (e.g. for safety considerations)
that the maintenance person be able to fully observe the work area.

In the past, human factors analyses were very time consuming. They required the construction
of expensive physical mock-ups to perform the analysis and also, unfortunately, the analysis
was not done until the final stages of design, when modifications were very costly. However,
there are a variety of modern, animated, computer-aided-design (CAD) tools and new virtual
reality techniques available to assist the maintainability engineer in effectively and efficiently
performing these analyses. Furthermore, when problems are discovered in the course of the
human factors analysis, the proposed design modifications can be quickly verified for their
effectiveness using these same tools and techniques.
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4.4.1.4 Quantitative Measures of Maintainability. Quantitative maintainability
requirements are associated with those design characteristics controllable by the designer. They
are determined through an analysis of the customer needs and constraints as was discussed in 3.1,
"Understand the Customer's Maintainability Needs." Customer-imposed constraints include:

* Expected operating time (or cycles) per unit of calendar time

*  Maximum downtime or maintenance time, or required availability
*  Operational environment and mission profile

»  Skill types and skill levels of maintenance personnel

* Existing types of diagnostics and other maintenance support equipment available to
support the product and customer

e Turnover rate of personnel

Quantitative maintainability requirements may be expressed using many different metrics and
may be established at any or all levels of maintenance. For example, they may be structured as
functions of time, labor hours, or in terms of fault detection and isolation. Examples of
quantitative maintainability requirements include:

e Active maintenance in terms of corrective maintenance time in labor hours

* Mean preventive maintenance time in labor hours

* Mean active maintenance time in terms of mean labor hours per maintenance action
* Unit removal and installation times

* Inspection times

* Turnaround time

* Reconfiguration time

* Mean Time to Repair (MTTR)

* Mean Time to Restore System (MTTRS)

¢ Maximum Time to Repair [at a specified confidence level, ®] (M, (P))

*  Mean Manhours (MMH) per repair

e Mean Manhours per Operating Hour (MMH/OH)

* Mission Time to Restore Functions (MTTRF)

* Direct Manhours per Maintenance Action (DMH/MA)

* Mean Equipment Corrective Maintenance Time to Support a Unit Hour of Operating
Time (MTUT)

* Maintenance Ratio (MR)
e Mean Time to Service (MTTS)
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* Mean Time Between Preventive Maintenance (MTBPM)
* Mean Manhours per Flying Hour (MMH/FH)

* Probability of Fault Detection

* Proportion of Faults Isolatable

* Proportion of faults detected and percentage of time detected for failure modes to be
detected or isolated by automatic or built-in test equipment

* Maximum false alarm rate for automatic or built-in test equipment

4.4.1.4.1 Maintainability Models and Maintenance Activities Block Diagrams.
Maintainability models and maintenance activities block diagrams are essential elements of
maintainability analysis. Models and diagrams are developed and used as the basis for the
allocation and prediction processes. Models also may be used as graphical representations of
maintenance tasks and may be used to assess compatibility with the maintenance human resource
requirements. Finally, models and diagrams are used to augment systems engineering tradeoff
studies.

Models and maintenance activities block diagrams may be based on system engineering models,
and are developed for alternative system concepts or configurations or for proposed design
changes. The models and maintenance activities block diagrams must be well documented and
used consistently throughout the design process. Figure 16 shows the maintenance activities
block diagram for the following example maintenance task.

Activity | | Activity
#1 #3 |
START Activity |} Activity |} Activity | Activity )|
#5 #6 #7 #8
Activity Activity
#2 #4
Activity Activity
#12 #14
Activity | [ Activity | | Activity | |
] #9 #10 #11 FINISH
| Activity Activity
#13 #15

FIGURE 16. Maintenance Activities Block Diagram.
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Example Maintenance Task (Reference Figure 4-12).

Task Description: Replace a receiver/transmitter (R/T) on an aircraft
Number of maintenance personnel: 2
Equipment/parts: Allen wrench, new R/T unit, maintenance stand, electrical power cart
Activities: 1. Get Allen wrench from tool box (or tool bin)
2. Get maintenance stand and position adjacent to R/T equipment bay
3. Move electrical power cart to aircraft and connect to aircraft power
connection
Open access panel Tridair fasteners using Allen wrench
Disconnect electrical cables with BNC connectors
Unscrew ATR latches securing unit to rack and remove R/T
Install new R/T and secure in position with ATR latches
Reconnect electrical cables with BNC connectors
Start power cart
10. Apply power to and run operational checks on R/T unit using established
procedures -- then turn power off
11. Turn off power cart
12. Close access panel; re-secure Tridair fasteners using Allen wrench
13. Disconnect power cart and move away from aircraft
14. Move maintenance stand away from aircraft & return to storage site
15. Return Allen wrench to tool box (or tool bin)

A P AN o

Note the activities that can be done simultaneously (in parallel). Although it might be possible
for one person to perform the task by doing each activity serially, two people make the job easier
and, during application of electrical power and operational checkout, safer. Also note that both
people are not needed during the entire maintenance action. The individual not performing
activities 5, 6, 7, and 8 can perform other work in the vicinity of the aircraft.

As a minimum, maintainability models should consider:

*  Operational maintenance concept

» Safety considerations

* Applicable levels of the system hierarchy
* List of line replaceable units (LRUs)

* Company policies

4.4.1.5 Qualitative Maintainability Factors. Any maintainability requirement that cannot
be categorized as a quantitative requirement is, by definition, a qualitative requirement.
Qualitative maintainability requirements encompass a wide variety of desired outcomes
considered to be essential in ensuring the product is maintainable. For example, customers
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usually want to minimize the number of new skills, support equipment, and tools, the use of
safety wire, and the number and variety of fastener types. Such qualitative requirements are not
useful to the designer (i.e., when is the number of new skills minimized?). So some measurable
design rules must be established to ensure that the design reflects the qualitative requirements.
Using some of the examples of qualitative requirements already given, for instance, design rules
that are quantifiable might be:

* No less than 80% of all maintenance actions will be performed using only those tools in
the customer's standard tool kit and no torque wrenches

* No safety wire or lockwire shall be used
» Existing skill levels must be used at all maintenance levels

* No more than 15% of all access panels will be designed to require more than 4 fasteners
per side (or a total of 12 per perimeter)

4.4.1.6 Predictions, Allocations, and Assessments.

4.4.1.6.1 Maintainability Prediction. Maintainability predictions are estimates of design
performance from a maintainability perspective. They serve as a means for comparing design
options, assessing the feasibility of achieving maintainability requirements, and assessing
progress in achieving the maintainability requirements. However, predictions are imprecise, the
degree of imprecision being determined by the validity of assumptions, amount of available
performance data, applicability of the method, and so forth. Predictions should, therefore, never
be used as the sole basis for programmatic or engineering decisions.

The maintainability prediction is a useful tool for determining where to place the most emphasis
in designing for maintainability. Each subsystem, equipment, and component can be evaluated in
terms of failure rate, maintenance time required, and complex maintenance tasks. The designer is
thus provided with the necessary visibility into the attributes of subsystems, equipment, and
components to:

* Identify design weaknesses, from a maintainability perspective

* Support trade-off studies (e.g., relax maintainability requirement for a high reliability
component and still achieve the same availability)

* Determine if the design is ready to proceed to next phase of development

The maintainability prediction is an iterative estimate of the future observed maintainability
characteristics of the product. Prior to starting the prediction process, all assumptions must be
specifically defined and evaluated as to their validity and applicability. Rationale must be
provided for all assumptions.
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The predictions also are useful in logistical planning. Early estimates of maintenance time, labor
hours, and other maintainability metrics can be used in making preliminary assessments of the
support equipment, spare parts, personnel, training, and other logistics resources required to
maintain the system in operational use. As estimates are refined using test and demonstration
data, the estimates of logistics resources can be revised. Although other factors determine the
types and amounts of logistics resources to be acquired, maintainability predictions are important
for this purpose and, in the early stages of a program, may be the only basis on which to plan
logistics. By beginning the process of identifying logistics resources early in the program, a
"fully operational” status can be rapidly achieved after the fielding of a new system.

A variety of methods and metrics are used to predict maintainability. Each prediction method is
designed for a specific application. All depend on at least two basic input parameters. These
two common parameters are:

* Failure rates of components at the specific level of assembly of interest

+ Repair times'” required at the maintenance level involved

Historically, the most commonly used methods for maintainability predictions are those found in
MIL-HDBK-472, "Maintainability Predictions."

4.4.1.6.1.1 Maintainability Prediction in Accordance with MIL-HDBK-472. Five different
maintainability methods are documented in MIL-HDBK-472. The different prediction methods
address different aspects of maintainability and each method predicts maintainability using
different metrics.

Procedure I - This procedure typically is intended to be used to predict flight-line maintenance
of airborne electronic and electromechanical systems involving modular replacement. It
uses a calculation procedure based on a list of elemental activities for which normalized
distributions and occurrence probability are given. The parameters used in this method are: the
distribution of downtimes for various elemental activities, maintenance categories, repair times,
and system down time.

Procedure II - This procedure typically is intended to be used to predict the maintainability of
shipboard and shore electronic equipment and systems. It could be used to predict the
maintainability of mechanical systems provided that task times and functional levels could be
established. Procedure II contains two different approaches, Part A and Part B.

Part A: The parameter used is corrective maintenance time expressed as an MTTR in hours.

15 Most maintainability experts agree that repair times exhibit the skewed characteristics of the log-normal
distribution. Thus, repair times are usually assumed to be log-normally distributed.
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Part B: The parameters used are: active maintenance in terms of mean corrective maintenance
time in labor hours, mean preventive maintenance time in labor hours, and mean active
maintenance time in terms of mean manhours per maintenance action.

Procedure III - This procedure typically is intended to be used to predict the mean and the
maximum active corrective maintenance down time for Air Force ground electronic systems
and equipment. It also can be used to predict preventive maintenance down time. The
parameters used in this method are: mean and maximum active corrective down time (at the 95th
percentile), mean and maximum preventive downtime, and mean downtime.

Procedure IV - This procedure is intended to be used to predict the mean or total corrective and
preventive maintenance downtime of systems and equipment. The parameters used in this
method are: mean system maintenance downtime, mean corrective maintenance downtime per
operational period, total corrective maintenance per operational period, and total preventive
maintenance downtime per operational period.

Procedure V - This procedure was developed much later than the other four procedures and is
by far the most versatile. Typically it is used to predict the maintainability parameters of
avionics, ground and shipboard electronics at the organizational, intermediate and depot levels of
maintenance. It presents a tabulation of time standards in relation to illustrations of what each
time represents. The parameters used include: MTTR, Mpfax (¢), MMH/repair, MMH/OH

and MMH/FH

Significantly, all commercial computer software development to date has concentrated on
Procedure V, to the exclusion of the other four maintainability prediction procedures. Therefore,
only the procedure previously designated as "Procedure V" in MIL-HDBK-472 has been
included as Appendix D, "Maintainability Prediction" in this handbook.

4.4.1.6.2 Maintainability Allocation. = Maintainability allocation is the process of
apportioning the system level maintainability requirements to lower levels of assembly. In other
words, the system requirements are apportioned to each subsystem; each subsystem's
requirements are apportioned to components and equipment within the subsystem; and, finally,
the component and equipment requirements may be apportioned to modules.

Maintainability allocation requires a detailed analysis of the system architecture and a knowledge
of the characteristics of various types of systems, subsystems, and so forth. Allocations are
made primarily for corrective maintenance requirements. Historically, system-level requirements
have been difficult to fully assess without a prototype or first-production version of the system.
So allocations have been used to assess the progress being made toward achieving the system
level maintainability requirement.
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Maintainability allocations are a natural management tool. They are used by the customer, prime
contractor, and subcontractors and suppliers to:

* Derive "not-to-exceed" maintainability values (i.e., maximum MTTR) for the system's
lower level indentures of assembly

* Provide designers and maintainability engineers with a standard for monitoring and
assessing compliance with stated maintainability objectives

* Identify areas needing additional emphasis (regarding maintainability) and areas where
improvements in maintainability will have the greatest effect on the system

Maintainability allocations provide a "budget" of maintainability values which, if met, will ensure
with a high degree of confidence that the system level requirements will be achieved. This budget
is the standard against which subsequent maintainability predictions and demonstrated (i.e.,
measured) values are compared. The allocation of maintainability requirements must be
completed and the results made available to the designers and any subcontractors early in the
program.

Allocation is an iterative process. The feasibility of achieving the initial set of allocated values
must be evaluated and, if the allocated values are not reasonable, the allocation must be revised.

One final note regarding allocations. As discussed thus far and will be shown in the specific
methods that follow, the maintainability values allocated to subsystems, components, etc. are
expressed in the same term as used for the product (MTTR, for example). However, an item
may simply be removed and replaced to repair the product (see 4.3.1.1). Repair of the item itself
would then be done off the product. For example, if an aircraft (the product) had an engine fail
internally, the engine would be removed and replaced. It then would be sent to the engine shop
or the engine manufacturer for repair. For complex products that are mobile (wheeled and tracked
vehicles, aircraft, railroad engines and cars, and, to a lesser extent, ships), many "repairs" consist
of removing and replacing the failed item or component. Table X shows the types of repairs and
maintenance that are made on the product (i.e., in-place).

TABLE X. Typical Types of '"In-place' Repair and Maintenance.

Type of Maintenance Action Performed On

Repair Hydraulic, pneumatic, lubrication, and fuel lines
Electrical cables and wiring

Structural components

» _ Control cables

Calibration & adjustments Subsystems, components, or items

Fueling and servicing Product, components, items

(Includes lubrication)

4.4.1.6.2.1 Failure Rate Complexity Method. In this method, the most stringent
maintainability requirements (that is, the lowest MTTR values) are allocated to the subsystems
and components having the lowest reliability; and conversely, the least stringent maintainability
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requirements are allocated to the subsystems components having the highest reliability. The
assumption is that the most complex items will have the highest failure rates. For that reason,
the method is referred to as the Failure Rate Complexity Method (FRCM). The procedure for
the method is as follows:

Step 1.

Step 2.
Step 3.
Step 4.

Step 5.
Step 6.

Step 7.

Determine N, the number of each item in the product for which the allocation is
being made.
Identify A., the failure rate for each item (constant failure rate is assumed).

Multiply A; by N. to find Cg;, item is contribution to total failure rate.
Express each item's MTTR, M;, as the product of ()\H/ )\i) and My where H

is the item having the highest failure rate.
Multiply each result from Step 4 by the corresponding A.. The result is Cy;.

Using equation 6, solve for the MTTR of the item having the highest failure rate.
2 Cwmi

1

> Ch

1

MTTR (Equation 6)

Product

where CMi = Mi Cﬁ

Solve for the MTTR of the other items by multiplying the MTTR found in Step

Table XI illustrates an example of maintainability allocation using the FRCM, for the subsystems
shown in Figure 17. The same method was used to allocate the MTTRs found for subsystem B
to its components.

TABLE XI. Allocation Using Failure Rate Complexity Method.

Step 1. Step 2. Step 3. Step 4. Step 5.
Determine No. [ Identify Failure | Calculate Contribution | Express each MTTR|  Calculate
of Items per Rate M. to Total Failure Rate (M.)as Contribution to
Product ! C.=N. A\. ! System MTTR
Ttem (N.) x 10 fH oo /M) x My e = M, C,
1 x 107 fH oo
1 5 5 M 5M
a a
1 1.111 1.111 45 M 5 M
a a
1 .833 .833 6 M 5 M
a a
2Cq =6.944 SC=15 M,
Step 6. Solve for Ma
MTTR, ot = 2C\i/2Cg 0 1.44=15 M /6944 U M, = .67 hours
Step 7. Solve for Mb and MC
Mb=4.5M =3 hours; M. =6 M_ =4 hours
a C a
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SYSTEM

MTTR = 1.44 hours
A =.00609 failures/hr
| |
SUBSYSTEM SUBSYSTEM SUBSYSTEM
A B C

MTTR = .67 hours MTTR = | 3.00 hours MTTR = 4.00 hours
A =.005 failures/hr = 100111 failures/hr A =.000833 failures/hr

| |
COMPONENT COMPONENT
A B
MTTR = 1.99 hours MTTR = 6 hours
A =.000833 failures/hr A =.0002778 failurs/ hr

ASSUMPTIONS: 1. Constant failure rates
2. All subsystems and components in series (i.e., failure of any subsystem
results in system failure; failure of any component results in subsystem failure)

FIGURE 17. Example of Maintainability Allocation.

4.4.1.6.2.2 Variation of the Failure Rate Complexity Method. A method used by
Blanchard and Fabrycky in their text'® is a variation of the Failure Rate Complexity Model. In
this approach, an initial MTTR 1is assumed for each item and the product-level MTTR,
M is calculated using equation 5. If the result is equal to or less than the required

MProduct ’
selected and the process repeated until the calculated M

Product’
the allocation is complete. If it is not, then new values of each item's MTTR are

Product 1S €qual to or less than the

required M The initial values for the items' MTTRs can be selected based on similar

Product"
items already in use or engineering estimates.

4.4.1.6.2.3 Statistically-Based Allocation Method. A well-documented, statistically-sound
methodology for performing a maintainability allocation may be found in IEC 706-6, "Guide on
Maintainability of Equipment - Part 6: Section 9: Statistical Methods in Maintainability
Evaluation," Annex A, "Maintainability Allocation." The key underlying assumption is that,
within a product, item maintainability is inversely proportional to item complexity.

This method is based upon the frequently used assumption that the maintenance times, and
especially the active corrective maintenance part of them, which is generally under the control of
the supplier, can be adequately described by a log-normal distribution with mean active corrective
maintenance time (MACMT) and 95th fractile maximum active corrective maintenance time
(ACMTos; also called My 1, (95)). Active corrective maintenance times longer than ACMTgs

16 Blanchard, Benjamin S. and Wolter J. Fabrycky, "Systems Engineering and Analysis," Prentice-Hall,
Englewood Cliffs, NJ, 1981.
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are also determined so as to provide the complement to the accumulated mean active corrective
maintenance time specified for the item.

4.4.1.6.2.4 Equal Distribution Method. This method is applicable when the items have
equal, constant failure rates. The Equal Distribution method simply allocates the product-level
value of maintainability to each lower indenture item. As shown in Table XII for the product
depicted in Figure 17, using the product-level MTTR for each item does indeed result in an
allocation that supports the product-level requirement. The assumption underlying this method
is that repair times are unrelated to the failure rate (i.e., MTTR is not affected by complexity).
The method is identical in principle with the Equal Distribution method used for reliability
allocations.

TABLE XII. Example of Equal Distribution Method.

No. of Items per | Item Failure | Contribution to Total MTTR (M.) Contribution to
Product Rate M. Failure Rate ! System MTTR
Item N i 3 (each set equal to C . —MC
( i) 3 C.=N. A.x10 product-level M) Mi fi
x 10 fi 1 1
A 1 5 5 1.44 7.2
B 1 1.11 1.11 1.44 1.6
C 1 .833 0.833 1.44 1.2
>C, =6943 >Cy =10
CHECK
MTTRp, et = 2C\i/ 2C = 10/6.943 = 1.44 hours

4.4.1.6.3 Maintainability Assessment. Periodically, assessments are made of the quantitative
and qualitative maintainability characteristics of the design. In making these assessments, terms
and parameters must be carefully defined.

Maintainability terms and parameters are many and varied, to the extent that maintainability
engineers sometimes use different terms for the same measure. Therefore, all parties involved in
the task must understand and track, for example, how the time intervals are measured and which
type of activities; preventive, corrective or both are included and which are excluded. If units or
categories get mixed, the results of the computations will be inconsistent and will have no
effective meaning or use. For further discussion of other data considerations see section 4.5,
"Data Collection and Analysis."

4.4.2 Test. In the development of any product, and prior to release to the customer, testing of
the product is conducted for several purposes. Tests are conducted to:

* Verify that the hardware and software meet product performance specifications

* Validate that the design is reliable and maintainable

* Improve product quality by uncovering design and manufacturing process problems,
determining the root causes of problems, and subsequently introducing fixes

While we cannot develop a product without performing some kind of testing, it is often difficult
to determine how much testing should be done, given the constraints of limited test samples,
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time, and budget. Given these factors, it becomes important to develop a well coordinated and
conceived product development and evaluation test plan. This plan should include input from all
disciplines, including maintainability. Without an integrated approach to testing, certain risks and
consequences can ensue, as shown in Table XIII.

TABLE XIII. Risks and Consequences of a Testing Approach That is Not Integrated.

Risks Consequences

Critical tests are omitted Design shortcomings may appear after the customer assumes
ownership of the product

Tests are duplicated Development costs increase and schedules are affected

Test resources are inadequate Tests are delayed, results are incomplete, results are inaccurate or
invalid, faults are missed, and product performance suffers

Test schedules are not coordinated Inadequate time for testing, tests occur in wrong sequence, tests
compete for critical test equipment, test requirements are not met, etc.

Schedules are milestone-oriented Test results seem to confirm progress but do not result in needed
product design improvements

Because testing budgets may be limited, it may be necessary to validate, refine and demonstrate a
product's maintainability, using the results of tests performed for other reasons. If this is to be
the case, the maintainability engineer must be involved in the test planning process, such that
provisions can be made to collect maintainability-related information that will assist in the
evaluation of the product maintainability design.

4.4.2.1 Objectives. There are two primary objectives for performing a test on a product:

(1) to validate and refine the design (and the design approaches and tools)
(2) to determine if a specification has been met.

In both cases, several tests may be required to meet these objectives. A maintainability test
objective may be to validate that a product's subassemblies can be removed and replaced by a
person using a defined set of tools. Another test may be performed to determine if the
specification for MTTR is being achieved. In either case, planning must be accomplished early in
development to determine if a formal maintainability test will be performed. If not, then a well
coordinated data collection program must be initiated that solicits information important to
maintainability. For example, if a reliability growth test is to be conducted, then data should be
collected on fault detection and isolation times and diagnostic efficiency when failures occur that
must be fixed. In addition, data should be collected on ease of maintenance during removal and
replacement of the failed items. Formal maintainability testing should be planned using
standardized methods such as those found in Appendix B, Test Methods. Appendix B was
based, in part, on MIL-STD-471A, Maintainability Verification, Demonstration, and Evaluation.

4.4.2.2 Types of Testing. In general, testing related to maintainability can be grouped into five
basic areas: functional, performance, verification, demonstration, and evaluation. Functional
testing is performed to verify that a product, or product function, is behaving as intended. Such
testing typically involves applying a known stimulus or set of stimulus to the test item and
comparing the item response to a known response or set of responses.
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Performance testing goes beyond functional testing to verify that the level of performance of the
product functions meet the requirements. It is not sufficient, for example, to verify that for a
given input signal, the product provides the right kind of output signal; the characteristics of the
signal (amplitude, noise level, and so forth) and the reliability, maintainability, safety, and so
forth of the product must meet the requirements. Special types of performance testing are design
limit tests, life tests, software tests, electromagnetic interference (EMI) tests, and reliability
growth tests.

Functional testing and performance testing are performed throughout various phases of product
development and may include the use of models, simulations, testbeds, and prototypes or Full
Scale Development models of the product. While such testing is almost always performed as
part of the product design and development process, testing of the maintainability features of the
product design, such as diagnostics, must also be planned for in a similar fashion. Diagnostic and
other maintainability performance testing must be an integral part of all testing. This is
important to evaluate performance, uncover deficiencies and implement corrective action while
the product is still in development.

Verification testing is performed on a continuous basis throughout product development to
determine the accuracy of and update the analytical data obtained from engineering analysis.
Verification is typically performed prior to any planned demonstration or evaluation test to
provide assurances that the maintainability of the product can be achieved and demonstrated.
Note that all kinds of test data collected, such as from a functional test of the diagnostics, should
be used for verification of maintainability analyses and requirements.

Demonstration testing is usually a formal process conducted by the product developer and end
customer to determine whether specific maintainability requirements that have been specified
have been achieved. Such testing will involve development of a formal test plan, using defined
methods of analysis to determine compliance. Details of demonstration test plans and
procedures, as well as verification and evaluation test data can be found in Appendix B, Test
Methods.

Evaluation testing is the process to determine, at all levels of maintenance and product design, the
impact of the operational and maintenance and support environments on the maintainability
parameters of the product. Such testing should involve performance of defined maintenance
tasks in the product's actual use environments. Maintainability evaluation testing, as with other
forms of testing, should be integrated with testing designed to evaluate other product parameters.
Evaluation testing is one area that stands to benefit from virtual reality capabilities. Such
capabilities would allow the testing of some maintenance tasks (such as manual ones) in a
simulated usage environment, rather that the actual one. Some obvious cost savings are possible
with this approach.

4.4.3 Statistical Distributions Used in Maintainability Models. The distributions most
commonly used in maintainability analysis are the normal, lognormal, and exponential. Just as
the exponential distribution has been the one most widely used in reliability analysis of products,
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the lognormal distribution is the one most commonly used in maintainability analysis of
products. However, use of other distributions such as the Weibull and gamma is also possible,
depending upon the analysis of the data and the use of "goodness of fit" tests.

4.4.3.1 Lognormal Distribution. The lognormal is the most commonly used distribution in
maintainability analysis because it is considered representative of the distribution of most repair
times. It applies to most maintenance tasks and repair actions comprised of several subsidiary
tasks of unequal frequency and time duration.

The probability density function is given by:

1 Uy Gy -¢0, O .
gt=M )= —— exp B g—pg~° U (Equation 7)
1 t0, V2T H 2 0oy H
where
t = M = repair time from each failure

1

0, = standard deviation of repair times =

t
zan Mctiaz - %an Mctié..?Z/N

\ Equation 8
| N1 (Eq )
t = In MCti =Int
- M- i
= n = —_—
ct N
N = number of repair actions
The mean time to repair is given by:
o0}
MTTR = M= t= Io tg(t = Mcti) dt (Equation 9)
i 1 U .
=exp ' + = (Of)zﬂ (Equation 10)
o 2 O
The median time to repair is given by:
M ot— SXp (t" (Equation 11)
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The maximum time to repair is given by:

— ; ' ' U] .
M Max o = antiln gt " z(t_y ) Oy i (Equation 12)

where z(t' g ) = the value from the normal distribution function corresponding to the

percentage point (1-0) on the maintainability function for which M,,  is defined. Most
ct

commonly used values of z(t' |_y ) are shown in Table XIV.

TABLE XIV: Values of z(t' 1-a ) Most Commonly
Used in Maintainability Analysis.

(1-0) 2(t' 1.0 )
0.80 0.8416
0.85 1.036
0.90 1.282
0.95 1.645
0.99 2.326

4.4.3.2 Normal Distribution. In maintainability, the normal distribution applies to relatively
straightforward maintenance tasks and repair actions (e.g., simple removal and replacement tasks)
which consistently require a fixed amount of time to complete. Maintenance task times of this
nature are usually normally distributed, producing a probability density function given by:

L VIRV
(Mcti Mct) 0

- — O :

gt=M,) = ———exp (Equation 13)

ct S A 2]-[ D 2 (S )2 D

Met B Met B
where:
M, = repair time for an individual maintenance action
1
M) o .
M, = ——— = average repair time for N observations
N

N2
I(Mg, - M)

S N-1

ct

= standard deviation of the distribution of

repair times, based on N observations

N = number of observations
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The mean time to repair (M ot) Is given by:

M. = cti (Equation 14)

(Equation 15)

which is equal to the mean time to repair because of the symmetry of the normal distribution.
The maximum time to repair is given by:
MMaxct = M +zt 1.q ) SMct (Equation 16)

where:

z(t |.q ) = value from normal distribution function corresponding to the percentage point

(1-a) on the maintainability function for which M, is defined.
ct

Values of z(t |_¢ ) as a function of (1-a) are shown in Table XIV.

4.4.3.3 Exponential Distribution. In maintainability analysis, the exponential distribution
applies to maintenance tasks and maintenance actions for which completion times are
independent of previous maintenance experience (e.g., substitution methods of failure isolation in
which several equally likely alternatives are available and each alternative is exercised, one at a
time, until the one which caused the failure is isolated), producing a probability density function
given by:

1 0 Mct' 0
g (t = Mct) = — exp [r—1(] (Equation 17)
Mct O Mct O

The method used in evaluating the maintainability parameters is similar to that used for analyzing
reliability with exponential times-to-failure. The fundamental maintainability parameter is the
ot? the

mean-time-to-repair (MTTR). Thus, another expression for g(t) in terms of ., the repair rate, is:

repair rate, [, which is constant for the exponential distribution. It is the reciprocal of M

gt) = p e (Equation 18)
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The maintainability function, M(t), is given by:

t t

M) = [ gihdi= [ petdr=1-¢eH (Equation 19)
0 0

The MTTR is given by:

= cti (Equation 20)

— 1
MCt - E N

If the maintainability function, M(t), is known, the MTTR can also be obtained from:

J— 'V — _t 1
MTTR = M —{ln[l M@ (Equation 21)

The median time to repair M ot 1s given by:
M ot = 0.69 Mct (Equation 22)
The maximum time to repair is given by:

MMaxct = keMct (Equation 23)

where:
k.= value of M /Mct at the specified percentage point a on the exponential
1

function at which MMalxct 1s defined.

Values of k o are shown in Table XV.

TABLE XV: Values of k, for Specified o .

o ke
95% 3.00
90% 231
85% 1.90
80% 1.61
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4.5 Data Collection and Analysis. Valid data are important to every aspect of a
maintainability program. These data include data resulting from design analyses as well as data
generated from maintenance actions both during development and during a product's useful life
phase. For design, data are required for maintainability predictions, demonstration test
development, maintainability model verification (including diagnostics), and as input to
simulation models. Maintainability information collected from the field is important to determine
actual performance, capture lessons learned, and to identify where improvements are required for
product upgrades or new product development. Maintainability data analysis techniques are also
important to understand so that effective and efficient use of the information can be made.

Because of the importance of data to the success of product development, careful consideration
should be given to the kinds of data required, where to obtain the data, and how to analyze the
data in a way that is cost-effective.

4.5.1 Types of Data. The types of data to be collected can be broadly categorized as
development data and field data.

4.5.1.1 Development Data. Development data include built-in-test (BIT) effectiveness
information, such as fault detection and fault-isolation performance, and repair data. Whenever
failures occur during development or demonstration testing (such as a reliability demonstration
test), the results of fault isolation, such as time to isolate, ambiguity levels, and resources
expended should be recorded. Any problems noted during troubleshooting of failures should also
be recorded. Such information should be tied to the failure information, such as failure mode and
cause, so that the effectiveness of any diagnostic elements in correctly detecting and isolating the
fault can be determined. If the fault was a false alarm detected by system BIT, this fact should
also be recorded. If such a problem continues to exist, then an analysis will be required to
determine why the problem exists and how it can be fixed. In addition to diagnostic data, data on
repair actions should also be collected. Once again, information on repair times, resources and
any noted problems should be collected. All data should continuously be reviewed to determine
if corrective actions are necessary to improve maintainability. These reviews should be done in
conjunction with and as part of a failure reporting, analysis and corrective action system, or
FRACAS. Although most associated with reliability programs, FRACAS is a closed-loop data
reporting system for the purpose of systematically recording, analyzing, and resolving equipment
reliability AND maintainability problems and failures.

To benefit from a FRACAS, the maintainability manager must closely coordinate with the
reliability manager to ensure that maintainability data are incorporated into a FRACAS data
collection form. An example of a FRACAS form, showing blocks for maintainability data
(highlighted) is presented as Figure 18. In addition to collecting maintainability data resulting
from actual failure occurrences, information from maintainability simulations should also be
documented. This information would include BIT coverage values derived via fault simulations
and the results of simulating product repair procedures.
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FRACAS FORM

1. Failure Report By: 2. Project RAM Manager 3. Initial Report Date:

4. Failure Analysis By: 5. Report No. 6. Final Report Date:

7. Incident Classification: Relevant Nonrelevant

(Check only one) () Independent Failure

() Accident/Mishandling Failure
() No-Fault Verified () Externally Applied Overstress
() Intermittent/Unverified () Beyond Replacement Time
() Redundant System Failure () Secondary Failure

() Inadvertent Operator Failure () Test Initiation

8. Identify Unit and Test Run Number for This Event: Run No.
() Unit XYZ () Unit ABC () Unit XXX () Unit YYY
() Unit ZZZ () Unit AAA () Unit BBB

9. Describe Component Identification:

A. Next Higher Level System
Name WBS No. Serial No. Part/Dwg. No.
B. Failed Level Component
Name WBS No. Serial No. Part/Dwg. No.
10. Start Time for Component Operation ' 11. Stop Time for Component Operation
1
Yr Mo Day Hr Min Sec ETI CYC . Yr Mo Day Hr Min Sec ETI CYC
PP e
1
12. Describe Symptoms and Method of Early Fault Detection and Isolation
13. Document Failure Detection/Isolation Effectiveness (e.g., actual fault correctly detected, fault isolation to ambiguity
group size of , etc.):
14. Document Fault Isolation Time:
15. Describe Failure Mode, Cause of Failure, Findings of Failure Analysis:
16. End Effect of the Failure: () Module Catastrophic( ) Module Derate ( ) Module Incipient
17. Describe Repair Action, Any Problems (e.g., Accessibility, Difficulties in Removal or Replacement), Parts Repaired,
Replaced, or Serviced
18. Corrective Action, Responsible Individual:

FIGURE 18. Example FRACAS Form.
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4.5.1.2 Field Data. Field maintainability data include all operational information relevant to all
manual or automatic actions taken to retain an item in or restore it to an operable condition.
These data include repair time (including diagnostics), number and skill level of personnel
required, environmental conditions, and failure disposition (e.g., no fault found, relevant failure,
independent failure, etc.). The information should also be classified according to the maintenance
actions taken (i.e., preventive or corrective).

When designing a field data collection system, or when trying to improve upon an existing
system, it is important to minimize any bias that can be introduced by those personnel collecting
the data. Therefore, keep in mind that operations and maintenance personnel should be trained
on the data collection system, and its importance to tracking performance, identifying problems,
and improving the product and product support characteristics. As an example of the data fields
that exist in a current maintenance database, Table X VI shows the database structure from an Air
Force system developed for a specific product, in this example an electronic warfare system.

Other categories of data that would be beneficial to collect include information on the
maintenance support conditions. As noted previously, operational maintainability may not be
determined solely by inherent maintainability, but by logistical factors. Therefore, information to
be collected should include shortages in spares (due to inadequate initial provisioning, long
pipeline times, etc.), test resources, and human resources. Such data are important to determine
why a product's maintainability, as measured in the field, may not be meeting the values expected
based on design data. In addition to maintenance data collected as the result of performing a
maintenance action, other forms of data include customer satisfaction surveys. Such surveys
may include perception of product performance and dependability, service support performance,
agreements with advertised claims, maintainability performance, and maintenance and assistance
effectiveness. More detailed information on data collection systems and data requirements can be
found in IEC Standard 300-3-2: "Dependability Management - Part 3: Application Guide -
Section 2: Collection of Dependability Data from the Field," and in IEC Standard 706-3, "Guide
on Maintainability of Equipment - Part 3: Sections Six and Seven: Verification and Collection,
Analysis, and Presentation of Data."

4.5.2 Sources of Data. Maintainability-related data may be obtained from several different
types of sources. Some potential sources of maintainability data include:

* Historical data from similar items

* Item design and/or manufacturing data

* Data recorded during item demonstration
* Field use data

The data may be expressed in a variety of terms. These include observed values or modified

values (true, predicted, estimated, extrapolated, etc.) of the various maintainability measures.
Some precautions are therefore necessary regarding the understanding and use of such data.
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TABLE XVI. Example Data Fields From an Existing R&M Data Base.

Field Name

Description of Field

Job Control Number

Documents year and day of action and assigns job control number

Work Center

Primary Work Center

Serial Number

Serial number of component maintenance is being reported against. Serial number must be
input if maintenance action involves serially controlled or time change item (i.e., If the item
being removed from an aircraft, the aircraft serial number is input into this field). Otherwise
may be blank.

MDS Mission/Design/Series data. If data pertains to all equipment of a particular
mission/design/series, the field is left blank.

SRD Standard Reference Designator. The code can be used to designate whether an item is
Mission Capability (MICAP) and/or MDS reportable. This field may be prefilled if
maintenance action is against a component which is not directly related to an ID numbered
piece of equipment and has an established event ID. Otherwise the SRD of equipment end
item the component is used on is entered. This field may be blank.

Sortie No. Sortie Number

FSC Federal Stock Class. The federal supply classification code of the item being modified or
removed

Part/Lot No. The part or lot number of the item being modified or removed

Operating Hours For items with an Elapsed Time Indicator (ETI), the number of hours indicated. Otherwise,
left blank.

Serial No. Serial number of the item removed.

Tag No. Tag Number that is prepared and attached to the removed item.

Discrepancy Free test narrative that describes the discrepancy that caused the reported maintenance event.

This field may be prefilled if the maintenance action is against a previously established event
ID.

Corrective Action

Narrative that describes the detailed actions taken to correct the problem

Type Maint

Type Maintenance Code. This field is a one character field used to identify the type of work
that was accomplished, such as scheduled or unscheduled maintenance. TMs can be found
in the WUC manual. (Y or S = transient aircraft)

Comp Pos

Component Position. If installation involves the installation, removal, or maintenance of
installed engine on any component WUC item within systems 21-24 or 27, enter
component position. May be blank

WUC

Work Unit Code. Five character field designed to provide a quick reference to identify
system, subsystem, and component relationships within end items.

Action Taken

One character field used to identify the maintenance action that was taken such as the
removal or replacement of a component. Action taken codes are standard for all equipment
and are listed in the WUC manuals.

When Disc

When discovered. One character field used to identify when a defect or maintenance
requirement was discovered. When discovered codes are listed in the WUC manuals.

How Mal

How Malfunction Code. The How Mal code consists of three characters and is used to
identify the nature of the defect and not the cause of the discrepancy. May be blank.

Start

Date/hour when a job is initiated.

Stop

Stop day/stop hour. Job stop time. Typically only the number of hours taken to complete
a job is available. Hours are input in hours and tenths (i.e., XXX.X). Cannot be blank.

Crew Size

Crew Size (0 to 9) can't be blank. Reflects the number of individuals or crew from the same
work center (same category of labor) that actually participated in the maintenance action
during the period of time documented identifying the action. When the crew size exceeds
nine an additional entry is made to reflect the additional number of technicians.

Cat Lab

Category of Labor (1 to 6), can't be blank. Used to differentiate between the types of man-
hour expenditures. If all members of a maintenance crew are the same category of labor then
only one entry is required. If more than one category of labor (military and civilian) is
performing the same maintenance task, or if overtime hours are expended an entry is required
to reflect each category of labor.

Qty

Quantity of items on a given line removed during the repair process.
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Historical data - The origin of the historical data (e.g., field operation, repair shop and software
center) and the item on which such data are based should be described and the reasons why and
how they apply to the current item should be addressed. The methods used to collect the data,
together with the training and skill levels of maintenance personnel involved, should also be
clearly stated. Discrepancies which might affect the applicability of historical data to the item
under consideration should be specifically addressed.

Historical data is used primarily during the concept definition phase and for specification
requirement generation purposes. In the later phases of the item life cycle, historical data may be
considered in relation to actual data obtained for the current item. They can also serve as an
additional source of information for maintainability verification.

Item design/manufacturing data - When maintainability-related data are obtained through the use
of design analysis or prediction, or from data generated during the design phase or the
manufacturing phase (e.g., development tests, production or assembly operations), the
methodology used needs to be clearly identified. A discussion may also be needed to explain
how the specific method was selected and applied. Any possible resulting limitations in data
accuracy needs to be noted. Design/manufacturing data may be used as the basis for:

* Item qualification and acceptance (with regard to maintainability requirements)

* Review of the relevancy of historical data and the validity of previous maintainability
assessments

Item demonstration data and/or field data - Maintainability-related data may also be obtained
from formal or informal demonstration tests on mock-ups, prototypes or production equipment
in either a true or a simulated environment. Data may also be generated during actual item use
(e.g., support center, repair work shop, field operations, etc.). The methods for selecting specific
maintenance actions, data monitoring and recording techniques thus need to be described. The
skill level of maintenance personnel and the specific equipment training they have received should
be noted. The feedback of item demonstration data and field data is the primary means for
sustaining engineering activities during the in-service phase of the item life cycle.

4.5.3 Data Analysis Techniques. The precise form of statistical analysis of data is specific to
each use and can be a complex and time-consuming process. It should be carried out by an
experienced analyst who can properly assess the information required to be extracted from the
raw data.

Data (including maintenance data) are frequently analyzed to obtain statistical inferences

regarding a given population of data. Statistical inference, is the process of drawing conclusions
about an entire population of similar objects, events, or tasks, based upon a sample of a few.

4-62



MIL-HDBK-470A

Two basic approaches to statistical inference are mainly used'’ (either or both approaches may
be used in the analysis of maintenance/maintainability data'®):

*  Parametric - which is primarily concerned with inference about certain summary
measures of distributions (mean, variance, etc.). This approach is based on explicit
assumptions about the normality of population distributions and parameters.

* Distribution - which is concerned with inference about an entire probability distribution,
free of the assumptions regarding the parameters of the population sampled.

Meaningful data handling and its subsequent evaluation also require some prior investigation of
the process generating the data. Different sets of data available on an item may be combined,
provided that the same selection criteria have been applied to each set. The choice of appropriate
methods of data evaluation may be influenced by such factors as possible time-dependency of
the process or more than one cause relating directly to the data.

Any peculiarities in the data collection scheme should be taken into account in developing the
data and in the analytical process. The analyst should identify any data falling outside a pre-set
range. Acceptance or rejection criteria should be explicitly validated.

Frequently one of a number of types of statistical distribution will underlie the collected data.
Three principal methods are available to identify a particular underlying distribution:

* Engineering judgment, based upon an analysis of the physical process generating the
data

* Graphical methods using special charts, leading to the construction of nomographs

» Statistical tests, such as the Chi-square and goodness of fit, providing a measure of the
deviations between the sample and the assumed distributions

4.5.3.1 Data Used Explicitly for Compliance Verification. When maintainability-related
data is to be used for compliance testing and for determination testing, the analysis procedures
used need to be considered very carefully and discussed in detail in any subsequent test report.

Matters of importance include:

* Data Editing/Data Transposition

* Distribution Analysis

17 Hays, W. L. and Winkler, W. L. "Statistics-Probability, Inference and Decision", Holt, Reinhart and Winston,
New York, 1971

18 Knezevic, J. "Effective Analysis of Existing Maintainability Data", SAE Communications in RMS, Volume
2/Number 1, January 1995
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* Parameter Computation

¢ Presentation of Results

a. Data Editing/Data Transposition - Actions taken to assure the accuracy, completeness
and validity of the data should be described. If any censoring is performed, the rules and reasons
for performing the censoring should be presented. If data are transposed from one form to
another (e.g., from a linear to a logarithmic scale), the reason and justification for such a
transposition should be clearly stated.

b. Statistical Distribution Analysis - If the data are to be analyzed statistically, it is usually
necessary to determine the underlying distribution. The most commonly used distribution
functions in maintainability are: the log-normal distribution and the multimodal distribution (in
special cases only). The method of testing the distribution assumption should be described, with
the reasons for that specific selection. Common methods used in maintainability analysis include
the X* (chi-square), Kolmogorov-Smirnov and various graphical tests. The Kolmogorov-Smirnov
(also known as d-test) is the most frequently used method for distribution testing. Its usage,
relative to maintainability data, is described in detail in IEC 706-6, "Guide on Maintainability of
Equipment - Part 6: Section 9: Statistical Methods in Maintainability Evaluation," Annex C,
"Kolmogorov-Smirnov Distribution Testing." For other possible statistical analysis methods
pertinent statistical textbooks should be consulted.

c. Parameter Computation - The basis for computing all maintainability parameters to be
presented should be clearly stated. If selected parameters are to be computed on a cumulative or
interval basis, the method to be used should be detailed. If maintainability mathematical models
are to be used, they should be fully described.

d. Presentation of Results - When the results are to be presented, all conditions needed for
their understanding and use should be clearly stated. These conditions include the purpose of the
data collection scheme, especially with respect to type and variation of the data chosen.
Circumstantial information should also be provided, such as time (e.g., busy hours), locations
(e.g., geographic conditions) and the current duration of the data-collection scheme. Particular
situations which may limit the data application and use should be indicated (for example, any
difficulties encountered, assumptions, or incompleteness of data).

Consideration should also be given to the form of presentation. A condensed form (for example,
diagrams, histograms, graphical presentations) may be more appropriate than detailed numerical
listings.

4.5.4 Uses of Data

Data is always the key to the proverbial management sequel, namely - Where are we now? -
Where do we want to go? - How do we get there?
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Maintainability data frequently answers the first question - Where are we now?

Subcontractors and suppliers frequently have little, if any, maintainability data. In fact, unless
they have previously had to deal specifically with maintainability requirements, they often have
no information about the maintainability of the items which they have delivered in the past.
Data collection is not a strong point in many industrial companies. Many are interested in
closing their contractual responsibilities at the end of the warranty period rather than motivated
for setting up an after-contractual data follow-up procedure with their customers. The practical
consequence of this philosophy is that collection of performance data on similar systems does
not become a priority task - until the early phases of a new program development.

Unless we know where we are - how can we know where we want to go?

Thus, subcontractors and suppliers often are reluctant to accept maintainability targets without
knowing the exact maintainability demonstration procedure.

Building of a corporate maintainability data base is the key, the starting point.

Such a data base (grounded upon actual product experience) is an important resource, a definite
corporate asset. It can prove to be extremely helpful for subsequent developments.

With modern spread sheet and data-base programs it is relatively easy to build such a data bank
based upon actual experience with a specific product. These data can then be used, for example,
to customize and enhance an existing automated prediction software program and thus provide a
more accurate maintainability prediction on a subsequent development item.

A closed-loop failure reporting system (FRACAS) addresses the third question - How do we get
there?

We get there - by first identifying, and then resolving, each problem one by one, as they are
discovered. Again, the data - which has been, or is being, collected - is the key.

Some of the specific benefits for such maintenance/maintainability data are:

* Determine compliance with specified maintainability requirements

* Provide logistics and support information

* Assess adequacy of support resources

* Determine personnel requirements

* Determine deficiencies in maintainability and provide a basis for corrective action
* Establish repair time histories and build a corporate maintainability data base

* Detect excessive preventive maintenance
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ACQUISITION GUIDANCE, TEMPLATES FOR PREPARING MAINTAINABILITY
SECTION OF SOLICITATION, AND GUIDANCE FOR SELECTING SOURCES

SECTION A. ACQUISITION GUIDANCE

Scope. This Appendix is an essential part of MIL-HDBK-470A. The information contained
herein is intended for reference only. This Appendix is for guidance only and cannot be cited as a
requirement. If it is, the contractor does not have to comply.

Defense Acquisition Reform

Actions taken by the Secretary of Defense starting in 1994 significantly changed the way that the
Department of Defense (DoD) and military departments contract for products.

1. Background. On June 29, 1994, Secretary of Defense William Perry issued a five-page
memorandum, "Specifications & Standards - A New Way of Doing Business." The intent of the
memorandum can be summarized as three "overarching" objectives:

» Establish a performance-oriented solicitation process
* Implement a document improvement process
* Create irreversible cultural change in the way DoD does business

The DoD is working to streamline the way in which procurement is managed and to adopt
commercial practices whenever possible. It is reassessing and trying to improve the way it does
business to decrease costs and increase customer satisfaction.

2. Specifications and Standards. Many months prior to the Perry memorandum of 29 June, a
Process Action Team (PAT), chartered by Colleen Preston, Deputy Under Secretary for
Acquisition Reform, and chaired by Darold Griffin, was tasked to review the system of military
standardization documents and develop recommendations to:

* eliminate unnecessary and obsolete specifications and standards

* use performance specifications and standards

* use commercial standards and specifications to the greatest extent practicable

* encourage industry to propose alternative solutions to military specifications and
standards

* and reduce paperwork
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The preparing activities of military standardization documents have reviewed and will continue
to review their documents and recommend disposition to the Secretary. The possible
recommendations for disposition of a military specification or standard are:

* Retain as performance-based document (some revision may be necessary)
* Retain as interface standard

* Retain as test method standard

* Convert to handbook

* Inactivate for new design (reprocurement only)

* Delete in favor of a commercial item description

* Delete in favor of a non-government standard

* Cancel

As is explained in sections 4a and 4b of this Appendix, military standards and specifications may
be cited for guidance in a Department of Defense solicitation but may not be cited as
requirements unless a waiver is granted. Commercial standards may be cited for guidance.
Although not specifically prohibited by policy at the time this handbook was written,
commercial standards should not be mandated as requirements. Given the spirit of the new
acquisition policy, mandating a commercial standard is no different than mandating a military
standard. In either case, the procuring agency would be telling the bidding contractors what to do
and how to do it, at least to the extent that the cited standard provides suggestions on the tasks
and activities needed for maintainability. The main objective of the new policy is to use
performance specifications. Only when performance specifications are inadequate for fully
describing what the Government wants should commercial specifications and standards be
considered. And only when commercial specifications and standards are inadequate should a
waiver (see Section 4 for an explanation of which military documents require a waiver) to use a
military specification or standard be considered.

3. Performance-based Specifications

a. A performance specification states requirements in terms of the required results and
provides criteria for verifying whether or not the requirements have been met. Performance
specifications do not state the methods for achieving the required results. They have the
following characteristics:

(1) Requirements should be stated quantitatively

(2) Requirements should be verifiable

(3) Interfaces should be stated in sufficient detail to allow interchangeability with parts of a
different design.

(4) Requirements should be material and process independent

A-2



MIL-HDBK-470A
APPENDIX A

b. There are four types of performance specifications: commercial item descriptions
(CIDs), guide specifications (GSs), standard performance specifications (SPSs), and program-
unique specifications.

(1) Commercial Item Descriptions. An indexed, simplified product description prepared
by the Government that describes, by performance characteristics, an available,
acceptable commercial product that will satisfy the Government's needs. Guidance for
CIDs is given in the General Services Administration Federal Standardization Manual
(Chapter 6), in the Defense Standardization Manual, DoD 4120.3-M, and in DoD
5000.37-H. By definition, CIDs are used only to describe requirements in terms of
function, performance, and essential form and fit requirements. CIDs are listed in the
DoD Index of Specifications and Standards (DoDISS).

(2) Guide Specifications. Guide specifications identify standard, recurring requirements
that are common for like systems, subsystems, equipments, and assemblies. The
format of a GS forces the user to tailor the document to the specific application.
Guidance for GSs is in DoD 4120.3-M. GSs are listed in the DoD Index of
Specifications and Standards (DoDISS).

(3) Standard Performance Specifications. A specification that establishes requirements for
military-unique items used in multiple programs or applications. MIL-STD-961
includes guidance on the format and content of SPSs.

(4) Program-Unique Specifications. This type of specification, also called a system
specification, establishes requirements for items used for a particular program or
weapon system. Little potential exists for using these specifications in other programs
or applications. They should be performance-based but may include a blend of
performance and detail design requirements. They are restricted to items for which the
preceding categories of performance specifications are not applicable.

c. Performance specifications are also categorized by the type of item being acquired.
Those used to acquire materials are called material specifications, to acquire components are
called component specifications, and to acquire systems are called system specifications. The
Department of Defense has issued a guide to performance specifications, SD-15. Issued under
the Defense Standardization Program, the guide covers the writing of performance requirements,
standard performance specifications, guide specifications, and program-unique specifications.
The preceding discussions under 3.a and 3.b are based on SD-15.

4. Other Standardization Documents.

a. Standards. There are four types of standards: interface, test method, manufacturing
process, and practices.

(1) Interface Standards. An interface standard is one that specifies the physical or
functional interface characteristics of systems, subsystems, equipments, assemblies,
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components, items, or parts to permit interchangeability, compatibility, or
communications. Waivers are not required to use military interface standards as
requirements in Department of Defense solicitations.

(2) Test Method Standard. A test method standard is one that specifies procedures or
criteria for measuring, identifying, or evaluating qualities, characteristics, and
properties of a product or process. Military test method standards may not be cited
as requirements in a Department of Defense solicitation unless a waiver is granted.

(3) Manufacturing Process Standard. This type of standard states the desired outcome of
manufacturing processes or specifies procedures or criteria on how to perform
manufacturing processes. Military manufacturing process standards may not be cited
as requirements in a Department of Defense solicitation unless a waiver is granted.

(4) Standard Practice Standard. A standard practice standard is one that specifies
procedures on how to conduct certain functions or operations. These procedures are
not related to manufacturing processes. It has not yet been decided if standard practice
standards may be cited as requirements in a Department of Defense solicitation
without a waiver.

b. Handbooks. A handbook is a guidance document that provides engineering or technical
information, lessons learned, possible options to resolve technical issues, classification of similar
items, interpretive direction and techniques, and other types of guidance or information. The
purpose is to help the customer or the seller to design, construct, select, manage, support, or
operate systems, products, processes, or services. Military handbooks may not be cited as a
requirement in a Department of Defense solicitation, contract, specification, standard, drawing, or
any other document.

5. Overall Acquisition Policy and Procedures. The primary documents governing defense
acquisition are DoD Directive 5000.1 and DoD Regulation 5000.2-R. Both documents were
revised as a result of Defense Acquisition Reform. A third document, DoD 5000.2-M has been
canceled. The revisions to 5000.1 and 5000.2-R (previously a DoD Instruction) incorporate new
laws and policies, separate mandatory policies and procedures from discretionary practices, and
integrate acquisition policies and procedures for weapon systems and automated information
systems. In addition to the two documents, an Acquisition Deskbook is available to DoD
procuring activities. The Deskbook is an automated repository of information consisting of a
Desk Reference Set, a Tool Catalog, and a forum for information exchange. The Reference Set
consists of mandatory Guiding Principles, discretionary Institutionalized Knowledge, and Sage
Information (expert wisdom and lessons learned). Information about the Acquisition Deskbook
can be obtained using the Internet: <http://deskbook.osd.mil/deskbook.htmI>.

The major themes of the new acquisition documents are teamwork, tailoring, empowerment, cost,
commercial products, and best practices. In summary, (1) acquisition should be a team effort
among all concerned in the process, (2) the acquisition approach for a specific system should be
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tailored based on risk and complexity, (3) acquisition will be conducted with a customer focus,
(4) cost will be an independent variable in programmatic decisions, (5) commercial products
should be used when practical, and (6) acquisition is now more closely modeled on best
commercial business practices.

The guiding principles of DoDD 5000.1 that are based on these themes are:

1. Translate Operational Needs into Stable, Affordable Programs

* Program stability

* Risk assessment and management
* Total systems acquisition

* Cost as an independent variable

* Program objectives and thresholds

2. Acquire Quality Products

* Event-oriented management

* Hierarchy of material alternatives
e Communication with users

¢ Competition

e Test and evaluation

* Independent assessments

3. Organize for Efficiency and Effectiveness

* Acquisition corps

e  Teamwork

* Limited reporting requirements

* Automated acquisition information

DoD 5000.2-R also redefines the life cycle phases of a product. These phases do not necessarily
occur in strictly a serial manner but may overlap. Preceding each phase is a decision milestone.
Decision milestones are points in time when a decision is made to either enter the next phase or
to stop the acquisition. These decisions are made on the basis of criteria defined in DoD 5000.2-
R. The criteria for leaving one phase and being considered for continuation into the next phase
are called exit criteria. An acquisition begins with the determination of a valid customer need.

A summary of the phases of acquisition as defined by DoD 5000.2-R are:

* Phase 0: Concept Exploration - Conduct competitive, parallel short-term studies to
define and evaluate feasibility of alternative concepts and provide a basis for evaluating
the relative merits of these alternatives at the next decision milestone
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Phase I: Program Definition and Risk Reduction - Define the program as one or more
concepts, and pursue design approaches and technologies as warranted. Perform risk
reduction activities including prototyping, demonstrations, and early operational
assessments as appropriate

Phase II: Engineering and Manufacturing Development - Translate the most promising
design approach into stable, producible, supportable, and cost effective design; establish
and validate a manufacturing capability; and demonstrate system capabilities through
testing.

Phase III: Production Fielding/Deployment and Operational Support - Produce
systems (except software-intensive systems having no hardware components or those
in ACAT 1A'"), conduct operational test and demonstrations, provide operational
support, and incorporate modifications as needed

Although not referred to specifically as a phase, Demilitarization and Disposal is described by
DoD 5000.2-R as those activities conducted at the end of a system's useful life. See Appendix E
of MIL-HDBK-470A for a discussion of maintainability activities by phase.

6. Acquiring Maintainable Systems. Acquiring a maintainable product requires that certain key

issues be addressed and that a sound solicitation package be developed. As has been stated
previously, the solicitation must clearly define the maintainability requirements and provide
sufficient information that suppliers responding to the solicitation can develop cost-effective,
innovative approaches for meeting customer needs.

a. Key Issues. For any product, the key maintainability issues, from the customer's
perspective, are:

What measures of operational® maintainability are important to me?
What realistic levels of operational maintainability are required?

Have the required levels of operational maintainability been achieved?

From the seller's perspective, the issues are:

How and when can the achievable levels of operational maintainability for a new
product under development for the customer be assessed for realism (neither too
optimistic nor too conservative given the nature of the development effort)?

How can the customer's operational maintainability requirements be "translated" into
design rules and requirements (i.e., design maintainability)?

! Acquisition Category 1A , Major Automated Information System Acquisition Programs.

2Section 2.1 of this handbook explains the differences between operational and design maintainability.
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*  What design approaches and analysis tools will help achieve the levels of
maintainability required in the expected environment?

* How can progress toward meeting the required levels of design maintainability be
measured?

* How and when can the achieved levels of design maintainability be demonstrated or
determined?

* How can the design maintainability be retained during manufacturing?

In a purely commercial world, particularly when the customer is the average consumer, the
customer is not usually concerned with the second set of issues - they are left to the seller to
confront. If the seller does a poor job, the customer will go elsewhere for the product. Thus,
competition in the marketplace provides a strong incentive to "do it right." In the defense world,
the level of competition is often much lower than in the commercial world. If dictated by the
nature of the product (e.g., used only by the military), the risks (e.g., very high with unproved
technologies being used), and the type of acquisition (e.g., totally new development), it will be
necessary for the Government customer to take more of an active role in addressing the second
set of issues. (Some industrial customers also may be involved with the second set of issues,
especially those dealing with measuring progress and determining the achieved level of design
maintainability.) The form that this role takes, however, has changed.

Previously, by imposing standards and specifications, the military customer could force
contractors to use certain analytical tools and methods, perform certain tests in a prescribed
manner, use parts from an approved list, and so forth. As has already been discussed, the
memorandum issued on 29 June 1994 by Secretary of Defense Perry primarily requires that
military agencies develop and use performance-based specifications in solicitations. It permits
the imposition of military standards and specifications as requirements only when performance
specifications are inadequate and no commercial specifications and standards are suitable. Even
then, military specifications and standards can be imposed only with a "blanket" waiver or the
approval of the acquisition authority.

In any case, the objective under Defense Acquisition Reform is not to tell contractors how best
to design and manufacture a product. The responsibility for making such decisions has shifted
from the Government to the contractor. None-the-less, military customers are still more likely to
be aware of the second set of issues than are commercial customers. Consequently,
specifications issued by the Government will probably continue to be more detailed than those
issued by commercial organizations. Of course, the procurement of commercial items or non-
developmental items (NDI)® provides the best opportunity to adopt a commercial approach to
acquisition.

3Publication SD-2, Buying NDI, issued in April 1996 by the Office of the Assistant Secretary of Defense for
Production and Logistics, defines commercial item and NDI.
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b. The Solicitation. It is through the solicitation that a customer describes a needed

product and solicits bids from competing sources to develop the product. Typically, a
Government solicitation consists of the sections shown in Figure A-1.

PART I. THE SCHEDULE

Solicitation/Contract Form

Supplies or Services and Prices/Costs
Description/Specification/Work Statement
Packaging and Marking

Inspection and Acceptance

Deliveries or Performance

Contract Administration Data

Special Contract Requirements

TOQmmoOwy

PART II. CONTRACT CLAUSES
L. Contract Clauses
PART II. LIST OF DOCUMENTS, EXHIBITS, AND OTHER ATTACHMENTS
J. List of Attachments

PART IV. REPRESENTATIONS AND INSTRUCTIONS
(Solicitations and RFPs only)

Representations, Certifications, and Other Statements of Offerors
Instructions, Conditions, and Notices to Offerors
Evaluation Factors for Award

<

CONTRACT ATTACHMENTS (e.g., SOW or SOO)
CONTRACT EXHIBITS (e.g., CDRL)

FIGURE A-1. Sections of a Government Solicitation or Contract.

Of most interest to the maintainability engineer are the specification, Section L, and the statement
of objectives (SOO) or statement of work (SOW). (Note: Military solicitations must be issued in
accordance with the Federal Acquisition Regulations.)

(1) Section L provides instructions to the offerors and can be used to explain the
information the offeror is expected to provide regarding how maintainability will be addressed in
the program, should a contract be offered.

(2) As already discussed, the specification should be a performance specification, one that
states requirements in terms of the required results with criteria for verifying compliance but does
not state the methods for achieving the required results.
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Traditionally, a military or commercial acquisition has only one specification. Some
companies, however, have adopted a new approach to specifications. They issue an initial
specification and then work with each prospective bidder to develop a specification unique to
that bidder. In that way, multiple specifications are developed. The specifications reflect the
technical capability of each bidder, and one bidder's specification may be more demanding than
others, although all must meet the customer's needs. The bidder whose specification and price
represents a best-value is awarded the contract.

In some cases, the customer does not provide a specification. For example, the general
public does not provide automobile manufacturers with specifications for a vehicle. Instead, the
automobile manufacturers must develop their own specifications based on such considerations as:

» federal, state, and other Government laws and regulations
* benchmarking of competitors' products

* market surveys and opinion polls

(3) The SOW normally includes constraints, assumptions, and other criteria that the
bidders must consider in developing and manufacturing the product. For example, the customer
should identify how the product will be used (operating concept) and supported (support
concept). In a military procurement, such information could be included in Sections L and M of
the solicitation. (See MIL-HDBK-245D for instructions on the preparation of a Statement of
Work.)

The SOW may also include specific activities or tasks required by the customer. In the
past, the SOW included with a military solicitation almost always identified specific tasks, such
as "perform a Failure Modes and Effects Analysis." As stated earlier, the approach under
Defense Acquisition Reform is to allow the bidders to identify planned activities and to explain
why, how, and when these activities will be performed. Commercial customers seldom specify
specific tasks but are, of course, free to do so.

Instead of the traditional SOW, some procuring agencies use a statement of objective
(SOO). Considered more in keeping with the spirit of acquisition reform, the SOO is concise
and written to allow the contractor as much flexibility as possible in responding to the
solicitation. A typical SOO has five sections: Objective of the Program (Solicitation), Objective
(Purpose) of the Contract, Scope of the Contract, Work to be Accomplished Under the Contract,
and Program Control. The SOO is included as an attachment to a Request for Proposal (RFP),
typically appended to Section L. Normally, the Government will ask offerors in response to the
SOO to prepare and provide a SOW in their proposals. Specific efforts defined in an offerors
SOW shall be traceable to the SOO. An example of how a SOO might be worded is shown in
Figure A-2. Note that the SOO may not discuss specific disciplines. So it is especially
incumbent upon the Government to ensure that maintainability is addressed in the specification.
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In the section immediately following, guidance is given for preparing the maintainability
portion of a solicitation. This guidance is consistent with the policies established by the Perry
memorandum. In the final section of this appendix, guidance is provided for selecting a
contractor on the basis of the maintainability portion of submitted proposals.

Statement of Objectives
1.0 Program Objective

a. The program is: (here the customer defines the program as: (1) multi-phased, (2) single-
phase, or (c) one program with multiple contractors)

b. The objective of the program is to design, test, and manufacture [*] to satisfy the
performance requirements of the specification to meet a need date of [date].

2.0 Contract Objectives. The contractor shall meet the following objectives.

2.1 Design, Analysis, and Test.

Design the [*] to satisfy the user's performance requirements as defined in [cite applicable
section of RFP]. Perform such analysis and tests necessary to design the [*], to reduce risk, and
to verify that the product meets the user's performance requirements.

2.2 Configuration Management

Establish a product baseline to define the configuration of the [*] with a verified capability to
satisfy the user's performance requirements. Establish and maintain a management process to
thereafter control the product's configuration for the life of the contract. Document the design
of the product baseline through the use of engineering data.

2.3 Quality Control

Institute a quality program to ensure the [*] is produced in accordance with engineering data,
measuring and test equipment are properly maintained, and that appropriate actions are taken
for nonconforming materials.

2.4 Logistics

Develop and deliver all data necessary to support the [*] (including provisioning, installation,
and reprocurement data and operating and repair manuals) consistent with the maintenance
concept as stated in [cite applicable section of RFP]. All data shall be in a form and format

compatible with existing Government data systems.

*Name of the product

FIGURE A-2. Example wording for a Statement of Objectives.

A-10



MIL-HDBK-470A
APPENDIX A

SECTION B. TEMPLATE FOR PREPARING MAINTAINABILITY SECTION OF
SOLICITATION.

In developing the maintainability portion of a procurement package, two distinct areas must be
covered. These areas are:

* performance-based requirements
* programmatic and reporting requirements

In the case of performance-based requirements, customers must specify maintainability either in
terms they use to measure maintainability or in "translated" design terms. Commercial and
military customers measure the performance of products in their own ways, to suit their own
needs. A car owner may be most concerned with low cost of operation and quick and
inexpensive repair. An airline may be most concerned with staying on schedule. These measures
may or may not include factors within the control of the supplier. Furthermore, the way in
which a customer measures the maintainability of a product in use may not be meaningful to a
designer. If customer measures are placed in a specification, then the supplier must do the
translation from the user's measures to measures more appropriate to design.

A two-step conversion might be needed to translate an operational need to a design parameter.
Consider the following example in which we know what the operational availability*, defined by
equation A-1, and the mean time between maintenance (MTBM) must be, and we want to
specify both reliability and maintainability.

MTBM .
= (Equation A-1)
0 MTBM + MDT

Solve for mean downtime (MDT) which includes the actual repair time plus logistics delay time.
We've now "translated" A into MTBM and MDT. MTBM and MDT are operational

measures that take into account factors that may be beyond the control of suppliers. So MTBM
and MDT must now be translated into terms more suited to design (MTBF and MTTR, for
example).

One way of translating operational terms like MTBM and MDT into specifications such as
MTBF and MTTR can be done by examining the constituent elements of the operational terms.
For example, MTBM normally includes all maintenance events. Suppose, through evaluation of
field data or some other means, the number of maintenance events due to actual failures of fielded
products (similar to the one to be developed) can be determined. This number can be divided by
the total number of maintenance events giving a ratio we will call R. Then, a good estimate of
MTBM (inherent), a good estimate of the specification MTBF, can be found by dividing the

4Operational availability, Ao, differs from inherent availability, Ai, because it accounts for all causes of maintenance
(not just failures) and for all downtime (not just the time to repair).
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customer's MTBM requirement for the product by the ratio R. Likewise, the ratio of the total
mean downtime attributable to repair to total downtime, M, can be multiplied by the MDT to
derive a first estimate of MTTR.

The process cannot end with the translation to a contractual value. The translated requirements
must be evaluated for realism by the customer and by the supplier. The customer needs to check
for realism to make sure that the cost of the product will not be driven up by unnecessarily high
maintainability requirements. The supplier needs to check for realism to ensure that the product
can be developed with the requisite level of maintainability. Questions that have to be answered
are: are the requirements compatible with the available technology and do the requirements
unnecessarily drive the design (conflict with product constraints such as weight and power).
Answering these questions usually involves a review of previous studies and data for similar or
comparative products. The requirements may need to be adjusted to account for improvement of
technology, different operating environments, changes in force structure, different duty cycles,
and so forth.

Requirements for maintainability that may be placed in a specification include but are not limited
to:

- MTTR - MTBM
- MDT - Maintenance hours per operating hour
- Ambiguity group size - False alarm rate

Specific design requirements (see Appendix C of MIL-HDBK-470A)
In the case of programmatic and reporting requirements, the customer:

* may require the seller to prepare and submit reports describing the results of analyses,
tests, and other activities conducted by the contractor and described in the
maintainability program plan to design and manufacture a maintainable product

» for NDI and COTS, may require the seller to furnish operational data and the results of
testing to substantiate maintainability claims

* may suggest standards and specifications to be used as guidance
* may require the seller to propose a method for verifying that maintainability
requirements have been met

It should be the seller's responsibility to select the tasks and other activities that will achieve
these objectives and to describe the tasks and activities in the maintainability program plan.
When the customer mandates specific tasks (and, even worse, how to do the tasks), the
contractor is, to some extent, relieved of the responsibility to ensure the tasks are value-added
and are preferable to other tasks.
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The following Template provides an outline for developing the maintainability portion of a
procurement package. The following conventions are used.

Words within { } pertain only to new development efforts; words within [ | pertain only to
procurement of NDI or COTS. Procurement packages for programs involving both
NDI/COTS and new development items should address each type of item separately but
require that the maintainability efforts be integrated.

Blanks indicate where the user of the template must provide a value or other
information.

It licized words are optional instructions that may or may not be used depending on the
desires of the user and needs of the procurement.

Notes to the reader are in parentheses with NOTE printed in all caps.

The reader is reminded that when purchasing NDI or COTS, the best course of action may be to
require only data that substantiates any claims for performance and to emphasize the role of
manufacturing processes (for NDI not yet in production) in determining the maintainability of
the product. In some cases, even that data may not be needed if either the customer has already
determined (through its own testing of samples, for example) that the product has the requisite
performance or if use or independent testing of the product in actual applications has shown the
product's performance to be satisfactory (for example, a personal computer in an office
environment).

In any case, imposing tasks on manufacturers of NDI, if they were willing to bid on such a
procurement, is counterproductive and expensive. The advantage of using NDI is that the
development is complete (with possibly slight exceptions); the contractor already has done (or
omitted) whatever might have been done to design a maintainable product. Again, what may be
needed are data to substantiate claims of performance and certain activities intended to ensure
that the integration of NDI into other products does not compromise the designed-in
maintainability characteristics.

As previously discussed, in lieu of issuing a SOW with a specification, many customers now
issue a SOO and require the offerors to include a SOW as part of their proposals. The best
manner to respond to the solicitation would be left entirely to the bidders (for example, whether
or not to have a maintainability plan). If the winning bidder did include such a plan in the
proposal, it would then become contractually binding. Some buying offices now prohibit the
solicitation from requiring the contractor to submit any plans.

A draft solicitation can be released by a customer for comment and suggestions for a statement of
work by potential bidders. Based on the comments and suggestions received, a "negotiated"
statement of work reflecting the bidders' best ideas on achieving the required level of
maintainability would be included in the formal solicitation (assuming a SOO is not being used
instead).
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TEMPLATE FOR DEVELOPING MAINTAINABILITY PORTION
OF A PROCUREMENT PACKAGE

(NOTE: Not all possible requirements are listed, and not all listed requirements are
necessarily applicable to all procurements.)

SECTION L

1. The bidder shall describe how he will meet the maintainability requirements of the solicitation.
If a bidder elects to submit a maintainability program plan, the plan will become a part of the
contract upon contract award. In any event, the bidders' responses will be evaluated using the
following criteria.

1.1. The bidder shall describe all activities considered to {be necessary for ensuring the
development of a} [have contributed to designing and manufacturing a] maintainable
product. For each activity, the bidder shall describe the objective, rationale for selection,
method of implementation, methods of assessing results, and any associated
documentation.

1.2 The bidder shall explicitly address how the included activities {will be} [were]
integrated into the product and manufacturing design processes.

1.3 The bidder shall show how the results of the included activities {will be} [were] used
to support other activities, such as logistics planning, safety analyses, etc.

1.4 The bidder shall explicitly show a clear understanding of:

a. the importance of designing in maintainability and the relationship of
maintainability to other system performance characteristics.

b. maintainability design techniques, methodologies, and concepts.

c. the importance of integrating maintainability activities into the overall systems
engineering process.

d. the role of testability and diagnostics in maintainability and maintenance

e. integrated diagnostics design principles

1.6 The bidder shall show how the following objectives {will be} [were] met:

a. design for accessibility.

b. design for human factors.

c. minimize number of special tools (design so faults can be readily and confidently
detected and isolated).
design for testability.

e. design for ease of inspection and incorporate provisions for non-destructive
inspection.

f. verification of requirements.

g. evaluate the achieved maintainability.

{h. determine feasibility of achieving required maintainability.}
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THE STATEMENT OF WORK

(NOTE: Regarding the next section, the reader is reminded that mandating tasks, even for
new development, is somewhat risky because it relieves the bidders of the responsibility
for selecting the best means to accomplish the desired ends [in this case, meet the
maintainability performance requirements]. Mandating tasks should be done only after
careful consideration of the advantages and disadvantages of doing so. Even then,
bidders should not be told how to accomplish the required task.)

{I. The folicwing activities will be conducted by the bidder and reflected in the
techmicai approack.

I.. Deveior a maintginability model! and make initial maintainability

predicticns using that model. All predictions shall be made at a stated

1.2 Counduz: au Integrated Diagnostics Analysis to identify the best mix cf
automaiic, semi-automatic, built-in, and manual tes: capabilities; identify
expecied faise alarm, cammot duplicate, and retest OK rates; and identify
levels of isciction and ambiguity.

1.3 Use computer modeiing or other technigues fo determine the

0

coessitilicy of componenss for servicing and maintenance.

0

1.4 Ceoznduct o araiysis, such as e Fault Tree Analysis or FMEA to assist
¢ icien: design of BIT and external test equipmen: and !o assist in

the idemtification of corrective maintenance requirements. Kationale for
v ]

lecting the chcsen analysis technigue will be given.

[.§ Corgduc: a maintaingbility demonstration. The contractor shall

expizin how the demonstration will be implemented and the underlying
staiistical basic of the demonstration.

1.5 Conduct a safety analysis to identify risks to support personnel.

1.6 Conduct a (NOTE: others as determined by buyer) }
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(NOTE: All reports, data requirements, and deliverable documents should be identified in the
Contract Deliverables Requirements List (CDRL). Data items can include FMEA results, results
of trade studies, BIT analyses results, and so forth. Data items should be selected based on the
nature of the development, the level of risk, intended use of the item [benefit], and cost. The
CDRL should provide data format and content preparation instructions and data delivery
requirements. Although the text of the SOW should not include these items, a data item
description number listed in the CDRL may be cross-referenced in the SOW. This cross
reference should usually be made in the paragraph describing the task that will lead to the
development of the data or document.)




MIL-HDBK-470A

APPENDIX A

THE SPECIFICATION

1. The following levels of maintainability are required. Note: All values are the minimum
acceptable values at a confidence level, when appropriate.

(NOTE: Not all possible quantitative requirements are listed, and not all listed requirements
are necessarily applicable to all procurements.)

1.1 Platform-level (e.g., end product):
1.1.1 mean time to repair

1.1.2 maximum active corrective maintenance time at the percentile on a
log-normal distribution

1.1.3 _ mean corrective maintenance time

1.1.4 _ mean preventive maintenance time

1.1.5  mean time to fault isolate

1.1.6 % maximum False Alarm Rate for BIT

1.1.7  %to__ LRUs Fault Isolation Capability

1.1.8 100% fault detection through integrated diagnostics

1.1.9 : average maintenance personnel skill level (customer-defined title or
designation)

1.2 Critical Systems (NOTE: User must define these)
1.2.1 mean time to repair

1.2.2 maximum active corrective maintenance time at the percentile on a
log-normal distribution

1.23  mean corrective maintenance time

1.24  mean preventive maintenance time

1.2.5  mean time to fault isolate

1.2.6 % maximum False Alarm Rate for BIT

127 % to _ components or modules within LRUs Fault Isolation
Capability

1.2.8 100% fault detection through integrated diagnostics
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2. The design of the product and all components shall be such that:

functionally different items cannot be interchanged
a fastener cannot be installed where a longer fastener is required

equipment can be operated and maintained by personnel whose anthropometric
dimensions are within the  percentile values for . (NOTE: user
must stipulate the percentile and whether it is for men, women, or both. Also, a
reference from a military or other Government or commercial standard giving the
anthropometric measurements should be cited.)

equipment can be operated and maintained by personnel wearing clothing appropriate
for the range of climatic conditions described in Section

the probability of a catastrophic hazard to personnel during normal operation and
maintenance is essentially zero.

personnel do not have to lift or carry weights that exceed those prescribed for the
percentile . (NOTE: user must stipulate the percentile and whether it
is for men, women, or both. Also, a reference from a military or other Government or
commercial standard giving the maximum prescribed weights should be cited.)

3. The product will be designed so that its maintainability will not be reduced due to the effects
of being shipped by land, sea, or air or by periods of storage up to life units. (NOTE:
User must state the proper life units, either months or years.)

4. All maintainability requirements apply to the product as it will be used in the operating and
support environment defined in Section of the Specification and in accordance with

the operating and support concepts defined in Section of the
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SECTION C. GUIDANCE FOR SELECTING SOURCES

The maintainability portion of a bidder's proposal can be evaluated using the criteria in Figure A-
3. In addition to the criteria listed in the figure, the customer should encourage and look for
innovative approaches that achieve the maintainability performance requirements in the most
effective way. Also, the proposal should emphasize the following objectives:

Understand the Customer's Maintainability Needs - if the customer has not explicitly
done so, determine the required level of maintainability as measured by the user during
actual use of the product. No matter the source of the requirement, determine the
feasibility of achieving the required maintainability and track progress toward that
achievement.

Thoroughly Understand the Design - understand the maintainability of the design and
the maintenance required for the product.

Integrate Maintainability with the Systems Engineering Process - make the
maintainability activities conducted during design and manufacturing an integral part of
the product and processes design effort. Ensure all sources (i.e., suppliers, vendors,
etc.) of components, materials, etc. used in the product, design and manufacture those
components and materials in accordance with the maintainability requirements.

Design for Desired Level of Maintainability - use proven design approaches to make
needed maintenance safe, economical, and easy to perform.

Validate the Maintainability Through Analysis and Development Test - conduct
analyses, simulation, and testing to uncover maintainability problems, revise the design,
and validate the effectiveness of the redesign.

Monitor and Analyze Operational Performance - assess the operational maintainability
of the product in actual use to uncover problems, identify needed improvements, and

provide "Lessons Learned" for incorporation in handbooks and for refining modeling
and analysis methods.

NOTE: The following list is not all-inclusive and not all items necessarily apply to every

program

Understanding. Does the proposal show a clear understanding of:

the importance of designing in maintainability?

maintainability techniques, methodology, and concepts?

the role of testability and diagnostics in maintainability and maintenance?

integrated diagnostics design principles?

the importance of integrating maintainability activities into the overall systems engineering process?

FIGURE A-3. Checklist for Evaluating Maintainability Portion of a Proposal.
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Approach

Management. Does the proposal identify:

- who is responsible for maintainability and his/her experience and qualifications?

- the number and experience of maintainability personnel assigned to the program and the level of effort
allocated to maintainability activities?

- how maintainability personnel fit in the program's organizational framework?

- an effective means of communication and sharing of information among maintainability engineers and
analysts, design engineers, manufacturing engineers, and higher management?

- how the testability and diagnostics functions are integrated into the maintainability function?

- the suppliers' system for controlling the maintainability of items from other suppliers & vendors?

- how the supplier implements concurrent engineering practices and integrates maintainability into the
overall engineering and manufacturing effort?

Design. Does the proposal explain:

- if and how design standards, guidelines, and criteria will be used?

- the approach to designing for testability and diagnostics?

- if and how tradeoff studies will be used for critical design areas?

- the time-phasing of maintainability activities in relation to key program milestones?
- any areas of maintainability risk?

- if and how software maintainability will be addressed?

Analysis/Test. Does the proposal identify and describe:

- methods of analysis and math models to be used?

- maintainability modeling, prediction, and allocation procedures?

- the time phasing of any proposed maintainability testing in relation to the overall program schedule?

- the time available for the test type required (such as maximum time for maintainability demonstration) and
how that time was determined?

- ifand how the supplier will predict the maintainability (in whatever parameters are specified) prior to the
start of testing?

- the resources (test chambers, special equipment, etc.) needed to perform all required testing, how they were
determined, and their availability?

- how the results of all testing will be used to evaluate maintainability and identify maintainability
problems?

Compliance

Design. The proposal should include:

- evidence of compliance with military and commercial specifications and standards, when required, and
good engineering practices for maintainability.

- evidence that ease of maintenance and preventive maintenance requirements will be addressed.

- justification (models, preliminary estimates, data sources, etc.) to back up the claims of meeting
maintainability requirements.

Analysis/Test. The proposal should indicate:

- an explicit commitment to perform all maintainability analyses cited in the proposal or required by
contract.

- an explicit commitment to perform all maintainability testing cited in the proposal or required by contract.

- that the supplier complies with all product-level maintainability test requirements and that the contractor
will demonstrate the maintainability figures of merit by test using any specified accept/reject criteria or by
analysis.

- if and how the contractor will perform verification or demonstration testing, the type of testing planned, and
the specific purpose of the testing.

Data. The proposal should show an explicit commitment to deliver all required maintainability data items in
the format specified.

FIGURE A-3. Checklist for Evaluating Maintainability Portion of a Proposal.
(continued)
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MAINTAINABILITY TEST AND DEMONSTRATION METHODS
B.1.0 Scope

This Appendix is an essential part of MIL-HDBK-470A. The information contained herein is
intended for reference only. Much of this appendix is based on the information that was
contained in MIL-HDBK-471 (formerly MIL-STD-471A), Maintainability Verification/
Demonstration/Evaluation. Although the referenced document covered verification,
demonstration and evaluation, the methods presented dealt primarily with maintainability
demonstration. Part of the reason is that separate tests designed and planned specifically to
verify or evaluate the maintainability characteristics of a design have not typically been part of a
system development program. In the case of reliability, testing such as reliability growth testing
i1s a separate process from reliability qualification testing or production reliability acceptance
testing. No such techniques, in the form of handbooks or standards have been developed for
similar (e.g., maintainability growth) testing associated with maintainability. Consequently, in
this Appendix, specific techniques for maintainability demonstration testing will be presented,
while other types of maintainability testing (i.e., verification and evaluation) will be addressed
from a more qualitative aspect.

This Appendix is for guidance only and cannot be cited as a requirement. If it is, the contractor
does not have to comply.

B.1.1 Purpose. The purpose of conducting maintainability tests is to verify, demonstrate and
evaluate both quantitative and qualitative maintainability characteristics of a design. Quantitative
parameters include metrics discussed elsewhere in this handbook, such as MTTR, M ., or

M

ct’

Max ot

B.1.2 Definitions. The following terms, used and discussed within this appendix are as defined
as follows:

B.1.2.1 Maintenance Task. The maintenance effort necessary for retaining an item in, changing
to, or restoring it to a specified condition.

B.1.2.2 Maintainability Model. A quantifiable representation of a test or process the purpose
of which is to analyze results to determine specific relationships of a set of quantifiable
maintainability parameters.

B.1.2.3 Verification. The effort performed from system concept through the hardware
development phase to: determine the accuracy of and update the analytical (predicted) data
obtained from the maintainability engineering analysis, identify maintainability design
deficiencies, and gain progressive assurance that the maintainability of the system or item can be
achieved and demonstrated in subsequent phases.
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B.1.2.4 Demonstration. The effort (often performed jointly by the system developer and
system procuring activity) to determine whether specified maintainability requirements have
been achieved.

B.1.2.5 Evaluation. The procuring activity effort to determine, at all levels of maintenance, the
impact of the operational, maintenance and support environment on the maintainability
parameters of the system or item and to demonstrate depot level maintenance tasks.

B.1.2.6 Maintenance Concept. A description of the planned general scheme for maintenance
and support of an item in the operational environment.

B.1.2.7 Maintenance Environment. The climatic, geographical, physical and operational
conditions (e.g., combat, mobile, continental) under which an item will be maintained.

B.2.0 Verification Testing

Maintainability verification testing is conducted during Phase I of the overall system life cycle as
defined in Appendix E. Other maintainability testing (i.e., demonstration and evaluation) follow
verification testing during subsequent phases of the system life cycle. Figure B-1 provides a time
phased chart for the three kinds of maintainability testing discussed in this appendix. Each of the
life cycle phases shown in the figure are defined in detail in Appendix E, Phasing of
Maintainability Elements.

SYSTEM LIFE CYCLE PHASES
PHASE 0 PHASE1 PHASE I PHASE III
CONCEPT PROGRAM DEFINITION ENGINEERING AND PRODUCTION,
EXPLORATION AND RISK REDUCTION MANUFACTURING DEPLOYMENT AND
DEVELOPMENT OPERATIONAL SUPPORT
. - /
-
, DEVELOPMENTTEST AND _ ~ OPERATIONAL TESTAND
, EVALUATION o EVALUATION
/ e
PROTOTYPE FIRST UNIT
AVAILABLE DEPLOYED
|
VERIFICATION DEMONSTRATION EVALUATION
TESTING TESTING TESTING

FIGURE B-1. Time Phasing of Maintainability Testing.
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The effort to verify maintainability parameters that are developed during Phase 0 (e.g., predicted
values of MTTR), is incremental in nature commencing with initial design and continuing through
hardware development from components to the configuration item. The basic objectives of
maintainability verification are:

* To verify and update the contractor's maintainability model.

* To ensure economical correction of design deficiencies and to provide assurance that
maintainability requirements will be achieved and demonstrated, if required, by
performing early in the design process, maintainability verifications such as limited low
confidence maintainability tests, time-motion measurements or such other tests as may
be proposed by the system developer.

* To provide progressive assurance that the maintainability requirements can be achieved
and demonstrated and that elements of the integrated support plan directly related to
maintainability are valid.

Maximum use should be made of data resulting from maintenance performed in conjunction with
such tests as development, prototype, mock-up, qualification, and reliability tests. In this
respect, collection of maintenance task data must be planned for and coordinated with other
disciplines. (See Section 4.5 of this handbook for a discussion of maintainability data elements to
be collected as part of a Failure Reporting, Analysis and Corrective Action System [FRACAS]).
Further, specific maintenance tasks used in development of the maintainability model and
prediction must be clearly defined such that when failures occur during development testing that
result in a specific maintenance task, the maintenance time can be compared to that used in the
prediction model. This must be done for both preventive (as applicable) as well as corrective
maintenance tasking.

B.2.1 The Importance of Verification Testing. Development of a predicted value for
maintainability, whether it be a mean corrective maintenance time, mean downtime, or other
parameter, is based on time estimates of individual tasks associated with maintenance of a system
and its individual parts. The reliability data, such as failure frequency and failure mode and
effects, play a role in maintainability prediction as well, since it is the failure modes, their effects
and frequency of occurrence that ultimately define individual maintenance tasks to be performed.
In order to develop a maintainability prediction, the predictor must assume that a person with a
particular skill level will be assigned to maintain a particular subsystem within the system of
interest. Further, estimates of fault isolation time and fault detection capability must also be
developed based on the testability design and assumed effectiveness of any built-in-test (BIT)
features incorporated at various system levels. Often, time estimates derived in this manner are
based on experience and knowledge of the individual performing the estimate. Therefore, the
chances for bias in a prediction exist, especially if such factors as maintenance environment are
not well understood early in the design phase. It is important then to verify the maintenance task
database that is used to obtain the predicted values as a means of improving the maintainability
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design aspects of the system, and to improve the chances of performing a meaningful and
successful maintainability demonstration.

In addition to the preceding discussion, testability aspects, such as BIT effectiveness, are not
easily verified in a formal demonstration test. This is due in part to the fact that such failure
mechanisms that cause transient or intermittent behavior are not easily simulated in a laboratory
environment (where many demonstrations take place). Further, the number of failures induced in
a demonstration represent such a small part of the overall number of failures that may occur
during fielded operation and are therefore too small to really demonstrate the diagnostic
capabilities of a system design. Because of this, a well planned verification program, that
optimizes naturally occurring failures during development and subsequent testing is needed to
assess the diagnostic characteristics of the design. In short, demonstration techniques and
methods that are documented in this appendix (and previously in MIL-HDBK-471A) are
inadequate for testability demonstration. Further discussion of testability verification is
provided in Section B.7 of this appendix.

B.2.2 Verification Techniques and Concepts. The means by which verification is
accomplished will depend on the maintainability characteristic or data element to be verified. For
qualitative elements, such as accessibility, clearances for use of tools, available work space, or
safety concerns, ease of maintenance studies can be planned and executed. This may include the
use of mock-ups, or in the future, the use of virtual mock-ups using virtual reality techniques as
discussed in Section 4 of this handbook. Other verification methods include design reviews, other
special studies (e.g., maintenance task analysis or simulation studies), or review of historical
information on like systems. The verification process should be continuous throughout the
system life cycle, and therefore data obtained from maintainability demonstration testing (see
Section 3 of this appendix) and operational test and evaluation should also be used to verify both
quantitative and qualitative features.

The process of executing a verification program should follow the general procedural elements
outlined below:

* Identify possible data sources and develop data collection and analysis plan
* Evaluate both qualitative and quantitative data

* Compare results with requirements

Quantitative data analysis typically relates to collecting information on maintenance task times,
such as removal and replacement times, and developing an approach to statistically compare
actual data to predicted values.'

' See Downs, W.R., "System Maintainability Verification - The Paired Time Comparison (PTC)
Method," Proceedings, 1979 Annual Reliability and Maintainability Symposium for an example of a
method used for verification.
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B.3.0 Maintainability Demonstration

As discussed here, the purpose of conducting a maintainability demonstration is to provide
assurance that a specified maintainability index (i.e., MTTR, MDT, MMH/OH, etc.) will be
attained during fielded operation. This is done by scheduling and execution of a demonstration
test wherein maintenance tasks are performed at a specified level of maintenance (e.g.,
organizational, intermediate, depot) by personnel having the skill levels available or required in
the fielded maintenance environment. For each maintenance task performed, where a typical task
is to isolate and repair a failed unit, the time required to perform the maintenance task is recorded.
Depending on the maintainability index being demonstrated, and the test plan chosen, once a
statistically significant number of tasks are performed, the collected data are then used to
determine if the maintainability is acceptable or not. In addition to the quantitative data collected
during the demonstration test, qualitative information, such as the adequacy of test support
documentation or ease of maintenance (accessibility, safety, etc.) is also collected and reviewed.

B.3.1 Maintainability Demonstration Test Specification. As noted, the purpose of the
demonstration test is to provide assurance of the ability to meet a specified maintainability
requirement. The demonstration test is defined as a set of numerical requirements and associated
risk levels that will govern the design and decision criteria of the demonstration test. For the test
plans to be described, this specification involves decisions regarding the following:

* Type of maintainability index to be specified
* Acceptable and unacceptable values of the index

* Associated risk levels
For example, the test specification might be as follows:

HO: Mean corrective-maintenance time = 40 minutes
le Mean corrective-maintenance time = 80 minutes
a =0.20, 3 =0.10

H(, and H, are the null and alternative hypothesis, respectively. a and B are the producer and

consumer risks, respectively. For the defined specifications above, the demonstration test must
be designed such that the probability of rejecting a system whose mean corrective maintenance
time is 40 minutes is 0.20, while the probability of accepting a system whose mean corrective
maintenance time is 80 minutes is 0.10. This is presented below in the form of probability
equations.

P (reject | M ;=40 min.) = 0.20
P (accept | M, =80 min.) = 0.10
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Typically the maintainability index is that specified in the procurement specification. The index
should represent a measure that is directly influenced by the equipment design so that the
producer can plan for high assurance of a pass decision, but bears the responsibility for a reject
decision. The index should also be appropriate for, and measurable in, the demonstration-test
environment. If a demonstration of the chosen maintainability index is to be required, then
adequate sampling and statistical-evaluation procedures, such as those described in this appendix,
should be available for demonstrating conformance to the requirement. Finally, the specified
index and risk values should not lead to sample sizes (i.e., the number of maintenance tasks
required to assess compliance) that would exceed available test resources.

B.3.2 Choosing a Demonstration Test Method. Table B-I provides a summary of the test
methods presented in this appendix. For each test method, the table also lists the maintainability
index for which the plan is designed to demonstrate, a summary of assumptions, the required
number of samples, the method by which samples are selected, and the demonstration
specification parameters.  Definitions of individual terms found in the "Specification
Requirement" column of B-1 can be found in the subsection where the method is presented.

In reviewing Table B-I, it is evident that a number of factors influence the choice of a
maintainability demonstration test method. These include the index to be demonstrated, any
assumptions about the statistical nature of the index as related to the test method requirements,
the means by which sample maintenance tasks are selected, the number of maintenance tasks that
must be demonstrated to obtain a statistically significant number of data samples, and the
individual producer's and consumer's risk for some of the tests. Guidance and discussions of
some of these factors are provided in the sections that follow, to aid the user in making informed
decisions when specifying and executing a maintainability demonstration.

B.3.3 Choosing a Maintainability Index. As stated above, historically the specified
maintainability index is also the one that is demonstrated. However, it is important to provide
some guidance on choosing such an index, as this can affect which of the test methods, outlined in
Table B-I, is chosen for Maintainability Demonstration testing.

The principal criterion in selecting the index for a maintainability demonstration (and therefore
for a product specification) is consistency with the mission objectives and operational
constraints. This will generally mean that equipment downtime is the time measurement of the
index since operational effectiveness cannot be achieved unless downtime is controlled. If the
need for an equipment or system is not critical, and manpower control is important, a labor-hour
index may be most appropriate. Preventive-maintenance labor-hours per operating hour is
preferable to downtime due to preventive maintenance for equipments for which such required
maintenance can be scheduled without fear of operational demand during the maintenance action.
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TABLE B-I. Test Method Matrix.

Test Sample Sample Specification
Plan Test Index Assumptions Size Selection Requirement
1-A | Mean Log-normal dist. See test | Natural occurring H., H,a,B
and prior knowledge|method | failures or 0> 1
of variance stratification’

1-B [Mean No dist. See test | Natural occurring H., H, a, B
assumption, prior [method [failures or stratification 01
knowledge of
variance

2 Critical Percentile Lognormal dist., See test | Natural occurring H., H, a,B
prior knowledge of |[method |failures or stratification 0 1
variance

3 Critical Main. Time or None See test | Natural occurring H, H,d, B

Manhours method | failures or stratification| 0 "1

4 Median A Specific Variance |20 Natural occurring ERT
Log-normal failures or stratification

5 |Chargeable maint. Downtime/ |None See test | Natural occurring ORR orA,

Flight method |failures NCMDT/NOF
DDT/NOF, a, B

6" |Manhour Rate None See test | Natural occurring Manhour Rate

method  [failures A MR

7° [Manhour Rate None See test | Natural occurring U, a

method | failures or stratification | ~ R
8 Mean and Percentile Log-normal See test Ne}tural occqrring Mean, M
Dual Percentile None method  |failures or Simple Ma.x
random sampling Dual Percentile
9 Mean (Corrective Task Time, |None 30 Natural occurring
Prev. Maint. Time, Downtime) minimum |failures or stratification o, H H
- ¢’ Ppm Fp/lc’
MM (90 or 95 percentile)
ax M
MaxC
10 |Median (Corrective task time, 50 Natural occurring M .M
. . . . . . . Ct 2 pm
Prev. maint. time), M None minimum | failures or stratification
’ : > 7 Max
ct M , M
) Max ct Maxpm
(95 percentile), MMax (95
pm
percentile)
11 |Mean (preventive maint. task All All m
time) None possible pm
; ; tasks M
M 1.y (Preventive maint. task Max
time at any percentile)

Notes for Table B-I:

(1)
2

Availability (A).

3)
“4)

simulate faults.

See section 3.3 for stratification method for sample selection
Test method 5 is an indirect method for demonstrating operational ready rate (ORR) or

Test method 6 is intended for use with aeronautical systems and subsystems.
Test method 7 is intended for use with ground electronic systems where it may be necessary to

By the same reasoning, corrective maintenance is more crucial than preventive maintenance,

especially if the latter can be scheduled to take place during known periods of non-use.

For

equipment operated or needed continuously, such as an alert radar, total maintenance time is of
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prime importance. For equipment demanded at random times, such as a missile-defense system,
the approach might be to use separate controls for corrective maintenance and preventive
maintenance. The choice of the statistical measure to be used often depends on the mission
objective. If there is an operational availability requirement for the system, then the equation for
A, reprinted below from Section 2.2.1.2 of the handbook, is used to determine maintainability

requirements.

. o MTBM .
Operational Availability = (Equation B-1)
MTBM + MDT

Inherent availability may also be a requirement, in which case MTBF and MTTR are substituted
for MTBM and MDT, respectively, in the above equation. When either availability expression
is appropriate, then a mean value becomes the maintainability index to be demonstrated. There
may be, however, an availability requirement where a maximum downtime or mean time to repair
is required or more appropriate. Such a requirement would apply to critical equipment aboard an
aircraft, for example, where the aircraft may have to be available for a new mission within two
hours after completing a mission. In this case, a requirement of 0.95 probability, for instance, of
completing the necessary maintenance within 100 minutes would be more consistent with the
operational objective than a mean-value index. Of course, the maintenance level for which the
requirement is developed also plays a role. For instance, a maximum time to repair may not be
appropriate or needed at the intermediate or depot-level of maintenance assuming that an
adequate amount of spares are available at the next lower level of maintenance (i.e., organizational
or intermediate, respectively).

To provide further guidance in choosing an appropriate index for demonstration, a guidance
matrix is provided in here in Figure B-2.> To use the matrix, each of the conditions listed at the
top of the exhibit that apply to the equipment of interest should be checked. The appropriate
index is then found from the matrix by locating the column that contains an x for each condition
checked above. For example, if steady-state availability is a critical parameter (Condition 1) and
maintenance time is limited by environmental or operational circumstances (Condition 5), the
recommended index provides a control on both the mean and maximum maintenance time, and
there is an option for including preventive-maintenance time depending on equipment use or
scheduling and criticality. The set of conditions listed is not exhaustive, but it is believed to
include the most important ones.

> Taken from RADC-TR-69-356, "Maintainability Prediction and Demonstration Techniques, Volume II
-Maintainability Demonstration,” Technical Report, ARINC Research Corporation, January 1970.
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Condition Identification
(Place an x in appropriate boxes)

Condition
O 1 Steady-state availability is a critical parameter.
o 2 Steady-state availability is not a critical parameter.
o 3 Maintenance-time distribution is unknown.
o 4 Maintenance-time distribution is expected to be lognormal.
o s Environmental or operational circumstances limit maintenance time.
O 6 Manpower allocation or cost is an important factor.
Selection Matrix 1
Index — — ~ Mct and M a2 K/Ict andM ,,,,
Mg andM 2 M, M ax MMH = A . ot
Condition M andM maxpt MpandM pt
1 X X X X X X X X
2 X X X X X X X X X X X
3 X X X X X X
4 X X X X X X X
5 X X X X X X X X
6 X x | x | x X x

Notation M =mean, M =nedian, M, =maximummaintenance time, MMH = maintenance man-hours

Notes

ct = corrective maintenance, pt = preventive maintenance

1 The inclusion of preventive-maintenance indices is optional depending on schedulingand
criticality.
2 A conbined total-maintenance-time index can be used instead of separate indices for
corrective and preventive maintenance.

FIGURE B-2. Procedure For Maintainability-Index Selection.

Several of the major considerations that led to the development of the matrix are as follows:

The mean is directly related to steady-state availability and is therefore the index of
choice when this operational requirement exists.

If the distribution of maintenance times is unknown, the median is preferred since it
permits distribution-free tests. If availability is critical, however, use of the central-
limit theorem permits a mean test, provided the sample size is large.
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* For the lognormal distribution, the median is preferred to the mean (assuming that
Condition 2 applies and that 5 and 6 do not) since it is based on only one parameter,
which makes statistical analysis exact.

¢ When maintenance time is limited (Condition 5), the M, ;. index is preferred.

* The mean is preferred over the median if manpower control is also required because the
mean is more directly related to manhours. However, if the distribution is unknown,
the median may be used as long as availability is not critical.

Note that complete dependence on this procedure is to be avoided. Because of the wide variety
of equipments, mission objectives, and environmental and operational circumstances, the
selection matrix should be considered a guide only. Ultimately, the best measure is determined
by individual system circumstances and good judgment.

Finally, no matter what indices are specified in the requirements or as the index to be
demonstrated, the values for those indices must be realistic, based on current knowledge of the
state-of-the-art, past history of like systems, and engineering judgment. Whether historical data
or prediction, or both, is used for assessing realism, careful judgment is required. If an allocation
leads to an M ot value of 20 minutes, but a 30 minute value was observed for the most similar

existing item, can it be concluded that 20 minutes is achievable? In all such cases, the following
questions should be considered:

- How similar are the items?
- How similar will the maintenance environment be?

- Since the observed 30-minute value is necessarily based on a sample, what is the lower
confidence limit associated with such a mean-value estimate?

- How much maintainability improvement can reasonably be expected?

- Is there any margin for increasing the 20-minute specified value?

B.3.4 Demonstration Environment Versus Requirements. Past history has shown that
demonstrated and predicted values of both reliability and maintainability often do not correlate
well with actual field experience. In the case of demonstrated maintainability values, this most
likely stems from the fact that the demonstration environment is often not the fielded
environment. Studies have shown that the closer the demonstration test environment is to the
expected field environment, the more meaningful the demonstration test, and therefore every
effort should be made to achieve such similarity.

In most cases, it is likely that demonstration environments will continue to differ from the field
environment. Because of this, when maintainability demonstration environments are based on
operational requirements, the applicability of that requirement to the demonstration environment
needs to be considered. As a general principle, the specified value based on operational goals and
conditions must be suitably adjusted to reflect the maintenance environment governing
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demonstration. Often, it is a difficult to adhere to this principle. With an avionics system, for
example, a certain amount of time will be spent in the field to access the equipment in the aircraft,
and the time to locate the malfunction and complete repairs and checkout is a function of this
accessibility. If the demonstration test is not to take place in the aircraft (and this is often the
case) there is the question of whether the specified value should be adjusted and by how much.

It might be possible to construct a mockup to simulate the actual condition, thus eliminating the
need for adjustment. However, this type of simulation is often expensive and therefore not
practicable. Tables B-II and B-III list various factors to be considered in evaluating the
applicability of a specified maintainability index.

TABLE B-II. Factors Affecting the Suitability of a Specified Maintainability Index for

Maintainability Demonstration.

Physical Equipment Support Items
Stage of completion Tools
Similarity to production items General and special test equipment
Physical location Spares availability
Interfacing equipment Technical manuals

Test Location and Facility Operational Factors
Lighting factors Mode of equipment operation
Weather factors Procedures for instituting maintenance

Space factors

Test Team
Organization
Training and experience
Indoctrination

TABLE B-III. Causes of Discrepancies Between Test and Field Results.

Causes of Optimistic Test Results

I.

(U I VS I 8

The demonstration maintenance technicians are not representative of typical field maintenance personnel
because they have more education and training or greater knowledge of the equipment's design.

The monitoring situation imparts to the technician an urgency not normally encountered in the field.
Known probable tasks are rehearsed beforehand.
Necessary support equipment is readily available.

Observed times are not contaminated with such factors as administrative or logistic delay, as field results
sometimes are.
Difficult to isolate faults such as intermittents and degradation failures are not simulated during
demonstration.

Causes of Pessimistic Test Results

I.

The technicians are not familiar with the equipment and have not acquired the necessary experience for rapid
fault isolation.

Field and procedural modifications to reduce maintenance time have not yet been made.
Initial manuals may be incomplete or require revision.

The monitoring situation can adversely affect the technician's performance.

B-11




MIL-HDBK-470A

APPENDIX B

B.3.5 Maintenance Task Sampling. It is necessary to choose a specified number of
maintenance tasks for the demonstration test. In general, there are two basic approaches for
sample selection:

1. Observe maintenance tasks as they occur naturally in an operational or simulated
operational situation.

2. Induce faults in the system and observe the maintenance actions to correct these faults.

For the fault-inducement approach, a decision must be made on the type of sampling procedure
to be used. This is generally between stratified sampling and simple random sampling.
Guidelines are presented here for evaluation of the applicability of the two basic approaches,
obtaining maintenance-task samples, and choosing the appropriate sampling design and
procedure.

B.3.5.1 Natural Versus Induced Failures. It is important that the choice of sample selection
be made early in the development program, especially if the choice is naturally occurring failures
or a combination of the two. The natural-failure approach is dependent on whether the program
schedule allows enough time to obtain the required number of maintenance tasks, where the
allowable time is related to reliability. Given the MTBF, or 8, of a system, the average number
of operating hours needed to yield n failure occurrences is n0. Therefore, for items with large
MTBFs (i.e., hundreds of hours), and a required sample size of say 30 to 50 tasks, the number of
required equipment operating hours can easily exceed 10,000 (e.g., 50 samples from an item with
an MTBF of 200 hours). Because of the time requirements of this magnitude, most
maintainability demonstrations are based on the fault-inducement approach, allowing
demonstration to be completed in a few days.

While the reality of cost and schedules dictate the use of induced failures for maintainability
demonstration, the natural failure approach is the preferred one. A disadvantage that has always
existed with inducing failures is that there is no guarantee that such faults are representative of
those which will be seen in operation. This disadvantage is amplified when considering
demonstration of diagnostic features of a design. Because of these problems, the following
general recommendations are made concerning sample selection:

* If the schedule allows for natural failures, then this type of sampling is preferred.

e If the complete demonstration cannot be completed with only naturally occurring
failures, a combination of the two approaches should be used. One possibility is to
take advantage of other development tests, such as the reliability demonstration test and
correct faults that occurred in these tests. Close coordination between the
maintainability demonstration test and any other test will be required.

e If natural failure testing cannot be conducted, any natural failures that do occur during
the induced failure test should be included in the sample.
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B.3.5.2 Failure Inducement Approach. An initial step in developing a sample set of tasks for
demonstration is to develop a hypothetical maintenance task population. The two basic
approaches to identifying the maintenance task groups are simple random sampling and
stratification. For discussion purposes, comments will be restricted to stratification, as they will
also generally apply to simple random sampling when task selection by failure inducement is
being considered.

The first task in stratification is choosing criteria by which to stratify. This involves the
characteristic by which to stratify, the number of strata, and the boundaries defining the
individual strata. The major objective here is to divide the equipment for which maintainability is
to be demonstrated into a subset of homogeneous groups. To accomplish this, the maintenance
tasks within each group, or stratum, should require approximately the same amount of
maintenance time or the same number of manhours, whichever is most appropriate. Blind
application of this requirement, however, is not recommended. Repairing an electronic assembly
within a system may take approximately the same amount of time as repairing a motor within the
same system; however the differences between the two types of maintenance actions would
make it unnatural to place them in the same stratum. Therefore, it is reasonable to make sure that
there are similarities among the tasks assigned to a stratum. As is evident, engineering judgment
must always play a role when grouping elements of this nature. The following approach is
presented as additional guidance to stratum development.

* First divide the equipment or item by physical entities, such as equipments within a
system or units within an equipment. These first level breakdowns will be called
blocks.

* For each block, subdivide to the highest system level at which maintenance will be
performed. If the block is the highest level, no further subdivision is necessary. If an
equipment is under test and the organizational maintenance philosophy is unit
replacement, subdivide to the units. These elements of the subdivision will be called
sub-blocks.

e For each sub-block, list the associated maintenance tasks and estimated maintenance
task times or manhours. For a sub-block that is a Line Replaceable Unit (LRU), or
equivalent, removal or replacement may be the only task listed. However, if LRU
adjustment or some further tasks such as crystal replacement are possible, they would
also be listed as sub-block tasks.

* Group together those tasks in each sub-block which require essentially similar actions
and will be expected to have similar maintenance times or manhours, whichever index
applies. The use of historical and predicted data, and previous development tests
should be used as inputs for the time estimates. These groups will then form part of
the initial set of strata.

The initial set of strata may have to be revised when the actual tasks to be induced and sample-
size requirements are considered. An example of the preceding four-step process is provided
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here. The example will be concerned with a maintainability demonstration test of an airborne
Doppler radar consisting of the following units:

Antenna (AS)
Receiver/Transmitter (R/T)
Frequency Tracker (FT)
Radar Set Control (C)
Drift Angle Indicator (ID)

Assume that the demonstration is for the organizational maintenance level and that the procedure
for this equipment is to replace all units except the receiver/transmitter, for which modularized
assemblies are removed and replaced. The assemblies of the R/T are:

LF.-A Modulator (Mod)
LF.-B Transmitter (TX)
Audio Amplifier (Amp) Power Supply (PS)

Assume further that crystal replacement in the frequency tracker is also performed as part of
equipment maintenance. The stratification process described is documented in Table B-IV.

TABLE B-1V. Example of Step-by-Step Stratification.

Step 1 Step 2 Step 3 Step 4
Blocks Sub-Blocks Sub-Block Tasks* and Task Times Block Strata
Antenna Antenna R/R - 10 A - R/R
Receiver/Transmitter IF - A R/R - .03
IF - B RR .03 IF - RR
Amplifier R/R - .04
Modulator R/R - .04 } Amp, Mod
Power Supply R/R - .04 PS - RR
Transmitter R/R - .05 TX - RR
Frequency Tracker Frequency Tracker R/R - 0.6 FT - R/R
Replace Crystals - 0.5 FT - Replace Crystals
Radar Set Control Radar Set Control R/R - 0.5 C - R/R
Drift Angle Indicator Drift Angle Indicator R/R - 0.5 ID - R/R

*R/R - Remove and Replace

Once the initial set of strata has been established, it is necessary to estimate the frequency of
occurrence of tasks in each stratum. For tasks that result from part failure, the use of part failure
rates such as those obtained from applying MIL-HDBK-217 could be used. These failure rates,
however, primarily reflect catastrophic piece-part failures and usually do not include such failure
modes as degradation, part interactions, and intermittencies. Such failures may be considered as
part of performing a failure mode and effects analysis (FMEA).

Once the failure-rate predictions are available, the relative frequency of task occurrence is
calculated by dividing the individual failure rates of equipment blocks found in column 2 of Table
B-V, by the total failure rate of all equipment blocks. Table B-V shows the computations for the
example radar equipment.
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TABLE B-V. Calculations of Relative Frequency of Occurrence and Sample Size For
Example Radar Equipment.

Failure Relative
Maintenance Rate () Quantity | Duty Tot Freq of Cum.
Task Strata x 10° of Items Cycle A Occurrence Range Sample Size*
Antenna R/R 105 1 1.0 105 0.175 0-.1749 9
IF -R/R 25 2 1.0 50 0.083 .1750 - .2579 4
Amp - R/R 21 1 1.0 62 0.104 2580 - .3619 5
Mod - R/R 18 1
PS - R/R 23 1
Tx - R/R 10 1 1.0 10 0.017 .3620 - .3789 1
FT 400 1 0.7 280 0.467 .3790 - .8459 23
FT - Replace 20 4 0.7 56 0.093 .8460 - .9389 5
Crystal
C-RR 35 1 0.8 28 0.047 .9390 - .9859 2
ID R/R 10 1 0.8 8 0.013 .9860 - 1.000 1
Totals N/A N/A N/A 599 1.000 50 50

* - The sample size shown applies only to stratified sampling. For simple random sampling, the relative
frequencies of occurrence are used.

The failure rates provided in Table B-V are based on predicted values. Dividing the total failure
rate of 599 into the individual maintenance task strata rates yields the relative frequencies of
occurrence shown in the table. The number of sample tasks to be demonstrated for each strata
are determined by multiplying the required sample size, as determined from the chosen
demonstration test plan, by the relative frequencies shown in Table B-V. An alternative means
of determining sample size would be by random sampling. For this example, where the required
sample size is 50, 50 numbers would be drawn from a random-number table, where the numbers
are between 0 and 1. If a random number is between 0 and 0.1749, a maintenance task involving
the antenna is to be simulated. If the random number is between 0.175 and 0.2579, a fault
resulting in the removal and replacement of the I/F module is induced, etc.

As implied, the last column of Table B-V is the number of samples chosen using the stratified
approach, exclusively. Within this approach, when a task group consists of more than one
module or assembly, etc., as is the case for the amplifier, modulator and power supply group in
the R/T, the total number of maintenance tasks assigned to the group (5 in this example) should
be allocated to the modules, assemblies, etc., within the group in accordance with the relative
frequency of occurrence of maintenance for each module, etc., within the group. The selection
process for this group is illustrated as follows:

Total Rel. Freq. Demonstration Sample
Group sub-blocks F.R. of Occur. Size
Amplifier 21 0.339 1.7~2(339x5=1.7)
Modulator 18 0.290 14~1
Power Supply 23 0.371 19~2
62 1.000 5
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At this point, only the maintenance task sample size by strata have been discussed. To be
complete, the demonstration population of maintenance tasks from which to choose the samples
must also be determined, as well as the specific maintenance tasks to be sampled from within that
population. To minimize any biasing problems due to task rehearsals and the problem of not
being able to physically induce a selected fault, it is necessary to select a much larger number of
possible tasks than required by the demonstration method. Previous standards (i.e., MIL-STD-
471A) have required a number equal to four (4) times the specified sample size, or as specified
by the procuring authority. Most of the methods presented in Section 4.0 are based on having a
demonstration population of 4 times the specified sample size. For the example Radar system
then, 200 sample tasks, or 4 x 50, should be available. This number should then be allocated to
the individual groups using the relative frequency of occurrence method just presented. Further
allocation within modules of a group is also necessary again, using the relative frequency of
occurrence method as illustrated. An entire table for this example, documenting the process of
sample task allocation is presented in Table B-VI. This table is summarized in the following 12
step approach, using the R/T as stratified in Table B-V.

Step 1. Column 1 - Identify the major units which comprise the equipment

Step 2. Column 2 - Subdivide each unit to the functional level at which maintenance for the
demonstration is to be performed in accordance with the approved maintenance plan. This level
may be an assembly, module, printed circuit card or piece part.

Step 3. Columns 3 & 4 - For each functional level of maintenance identified in Column 2, identify
in Column 3 the type of maintenance task or tasks to be performed and in Column 4 the
estimated mean maintenance time for the task. The maintenance tasks and estimated maintenance
time would be derived from a maintenance engineering analysis, a maintainability prediction
effort, or from historical data. The same maintenance task, such as "remove and replace" of a
module may result from different faults within the module. Column 3 would identify the
maintenance task and not the fault or failure which results in the occurrence of the task.

Step 4. Column 5 - Determine the failure rate (F/ 10° hours) for each module, printed circuit card,
etc., for which the maintenance task was identified in Column 3. The failure rates used should be
the latest available from an associated reliability program.

Step 5. Column 6 - Determine the quantity of items in each major unit associated with each task
in Column 3.

Step 6. Column 7 - Determine the duty cycle for each item associated with each task in Column 3
(e.g., operating time of a receiver to the operating time of the radar; engine operating hours to
aircraft flight hours).
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Step 7. Column 8 - Group together the maintenance tasks identified in Column 3 which have
both:

a. Similar maintenance actions. NOTE: A maintenance action is an element of a
maintenance task. Although the estimated maintenance time for different maintenance tasks may
be similar, the actions may be different, that is, one task may involve significant diagnostics and
another involve minimum diagnostics but significant access time.

b. Similar estimated maintenance times. The maintenance times in each group should be
within a range that shall not exceed the smallest value in the group by more than 50 percent.

Task grouping should be limited to within major units identified in Column 1.

Step 8. Column 9 - Determine the total failure rate for each task grouping identified in Column 8.
The total failure rate is equal to the sum of the products of Columns 5, 6 and 7 for all tasks
within the group.

Step 9. Column 10 - Determine the relative frequency of occurrence for each task grouping by
dividing the sum of the total failure rate (sum of Column 9) into the individual total failure rate
for each group.

Step 10. Column 11 - Fixed Sample - A sample of maintenance tasks equal to four times the
sample size specified for the selected test method (see Section B.4.0 of this appendix) or as
specified or agreed upon with the procuring activity should be allocated among the task groups in
accordance with the relative frequency of occurrence of the task group. (For Table B-VI, required
sample size = 50, population sample size = 4x50=200).

Step 11. Column 12 - The maintenance tasks to be demonstrated (50 tasks for this example) are
allocated among the task groups in accordance with the relative frequency of occurrence of
maintenance for the group. The maintenance task to be demonstrated is then randomly selected
from the maintenance tasks allocated to the group or modules, assemblies, etc., within the group
(Column 11). The maintenance task to be demonstrated is not returned to the sample pool and is
therefore demonstrated only once.

Step 12. Column 13 - Variable Sample/Sequential Test - When variable sample size, sequential
test methods are employed, a simple random sampling of the total population of maintenance
tasks using a random number table based on a uniform distribution from 0 to 1 is used. Using
Table B-V, columns 1 through 10, determine from the relative frequency of occurrence (column
10), the cumulative range of frequency of occurrence for each task group. A maintenance task is
selected from that group whose cumulative range of frequency of occurrence includes the number
selected from the random number table. The number selected from the random number table is
then "returned" to the table before selecting a second number. The "specimen" task demonstrated
is also returned to the sample pool.
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B.3.5.2.1 Maintenance Task Selection. The stratification procedure discussed so far only
provides a technique for grouping the maintenance tasks by functional blocks or sub-blocks, and
determining the population and demonstration sample sizes. However, how to choose samples
from the population has yet to be addressed. Table B-VI presents the method whereby the
number of maintenance tasks to be simulated is allocated to each group based on the relative
frequency of occurrence expected for that group. Within these tasks, there will also be a choice
of faults to be simulated. This may involve, for example, the selection of an assembly or part and
its mode of failure. As an example, consider the task of choosing which failures to be simulated
that will result in a maintenance task for the frequency tracker (FT) block of the Radar system
example. The number of failure modes to be considered for the FT should equal at least 93 (see

column 11 of Table B-VI) from which 23 failures are to be selected for simulation (see column
12).

As was done to determine the number of tasks to be sampled for Group 3 of Table B-VI, the
failure modes for the FT block and their relative frequency of occurrence must be determined
such that a random sampling procedure can be applied to select the maintenance tasks to be
sampled. This implies that an FMEA for the system be conducted at the level of maintenance to
be demonstrated. If these data are not available, an alternate means of choosing samples must be
developed.®> As an example, suppose an FMEA of the FT indicates that there are five major
failure modes that require a remove and replace action and that are detectable at the unit level.
These modes, their effects, and relative frequencies of occurrence are shown in Table B-VII.

TABLE B-VII. Failure Mode Selection.

1 2 3 4 5
Maintenance Task Failure Effect Relative Frequency of | Cumulative Range
Mode Occurrence (%)

Frequency Tracker 1 Inoperative 30 0 - .2999
Remove/ Replace 2 Will not lock on 20 .3000 - .4999
3 Breaks lock 20 .5000 - .6999
4 Drifts 15 7000 - .8499
5 Erratic 15 .8500 - 1.0000

To determine which faults to induce for simulating the 23 tasks, 23 four digit numbers, between 0
and 1, are selected from a random number table. If the number is between 0 and .2999, then a
fault or malfunction that makes the FT inoperative must be induced. A random number between
3000 and .4999 would indicate that a fault resulting in inability to lock-on effect is to be
simulated, etc.

Within any failure mode, a choice would then have to be made concerning the specific means of
fault inducement (e.g., which lead to disconnect or which part to replace with a known faulty
part). If, with respect to the maintenance action, there is no discernible difference, the simplest
means can be used. If, however, the fault selection can affect maintenance time (e.g.,

3 See the symptom-matrix approach in RADC-TR-69-356.
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disconnecting one lead may cause secondary symptoms, while disconnecting another will not),
then, again, a random-selection criterion could be used, if desired.

The preceding process adds to the previous 12 step process for development of a stratification
table. Continuing with step 13, the following steps are added to the entire process of
maintenance task selection (refer to Table B-VIL.)

Step 13. Column 1 - Identify the maintenance task of interest.

Step 14. Column 2 - Determine the failure modes which will result in the maintenance task of
interest.

Step 15. Column 3 - Determine the effect of each failure mode identified in column 2.
Step 16. Column 4 - Determine the relative frequency of occurrence of each failure mode.

Step 17. Column 5 - Simple Random Sampling - Determine the cumulative range of frequency of
occurrence for each failure mode. Using a random number table a number is selected and the
failure mode to be induced is that whose cumulative range of frequency of occurrence includes the
number selected. The number selected from the random number is "returned" to the table before
selecting a second number. The specimen demonstrated is also returned to the sample pool.

There are alternative approaches documented for choosing the maintenance tasks to be
demonstrated, such as the symptom-matrix approach referenced earlier. However, this approach
requires a much more detailed analysis of the system design. Interested readers are encouraged to
review the report referenced in the footnotes for more information.

B.3.6 Statistical Maintainability Demonstration Plans. The following subsections contain
test methods and criteria for demonstrating the achievement of specified quantitative
maintainability requirements. The matrix presented previously in Table B-I is repeated as a
summarization of the major characteristics of each test method as well as the quantitative
requirements which must be specified for each. The data analysis method included with each test
method provides the decision criteria for acceptance or rejection of the item being demonstrated.

Each of the test plans contained in this section includes an equation or other directions for
determining a minimum sample size of maintenance tasks. Any departure from the minimum
sample size requirements can affect the statistical validity of the test procedures. Some of the
test plans require a prior estimate of the variance of the distribution of interest for the calculation
of sample size. Such prior estimates are typically obtained from data on similar systems
provided similarities in maintainability design, skill levels of maintenance personnel, test
equipment, manuals and the maintenance environment are considered in the estimation process.
Equations for predicting the variance when prior estimates are not available are presented in
RADC-TR-69-356 (see footnotes), which can be used, provided the information needed for the
prediction is available. To preserve the desired risk values in those cases where the variance is
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predicted, the 85th - 95th upper confidence bound on the predicted or estimated variance should
be used. Average values of the variance have ranged from 0.5 to 1.3.

Test Method Matrix

Test Sample Sample Specification

Plan Test Index Assumptions Size Selection Requirement

1-A [Mean Log-normal dist. ~ [See test [Natural occurring H., H, a, B
and prior knowledge|method  |failures or 0> 1
of variance stratification'

1-B |Mean No dist. See test | Natural occurring H, H, o, B
assumption, prior [method [failures or stratification 0> 1
knowledge of
variance

2 Critical Percentile Lognormal dist., |See test |Natural occurring H, H,d, B
prior knowledge of |method |failures or stratification 01
variance

3 Critical Main. Time or None See test | Natural occurring H., H, a, B

Manhours method | failures or stratification| 0" !

4 Median A Specific Variance |20 Natural occurring ERT
Log-normal failures or stratification

5" |Chargeable maint. Downtime/ |None See test | Natural occurring ORR or A,

Flight method  |failures NCMDT/NOF
DDT/NOF, a,

6" |Manhour Rate None See test | Natural occurring Manhour Rate

method | failures A MR

7" |Manhour Rate None See test  |Natural occurring H,, o

method |failures or stratification| = R

8 Mean and Percentile Log-normal See test | Natural occurring Mean, M,

Dual Percentile None method  [failures or Simple ax
random Sampling Dual Percentile

9 Mean (Corrective Task Time, |None 30 Natural occurring

Prev. Maint. Time, Downtime) minimum | failures or stratification U, u u
- ¢ P"pm> Fp/e’
MM (90 or 95 percentile)
ax M
Maxc
10 |Median (Corrective task time, 50 Natural occurring M M
. . . . . . . Ct 2 pm
Prev. maint. time), M None minimum |failures or stratification
’ : > Max
ct MM , M
) ax ¢ Maxpm
(95 percentile), My, (95
axpm
percentile)
11 |Mean (preventive maint. task All All M
time) None possible pm
M, . (Preventive maint. task tasks M Max

time at any percentile)

Notes for Table B-1:

(1)
@

Availability (A).

()
“)

simulate faults.
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Because of the difficulty in obtaining prior information and estimates of variance, and due to the
fact that the mean corrective maintenance time (M ) and maximum corrective maintenance time

(Mpax ) have historically been the maintainability requirement most often cited in a
ct

procurement specification, test method 9 has been the most chosen method for maintainability
demonstration. Note that this method does not rely on any assumptions regarding the
distribution of maintenance times. Despite this fact, there are examples when one or more of the
other test methods have been employed, and therefore all methods will be given equal
consideration in this handbook.

B.3.6.1 Task Selection. Section 3.5.2 presented methods of determining which tasks to be
sampled under the fault inducement approach, which are applicable to each of the test methods
presented herein. When the demonstration is a requirement of the development program, the
procuring activity historically has had the option of surveillance over and/or participation in the
random selection of tasks comprising the demonstration population (see Column 11 of Table B-
V) down to and including the specific faults to be simulated or induced. It is recommended that
this practice continue. Further details on this and other management aspects of maintainability
demonstration are contained in Section B.6.0 of this appendix. In all cases, whenever a chosen
task can result in events detrimental to safety of personnel or property, appropriate redesign
action must take place. In the event that secondary failures result from an induced fault, they
should be documented and their impact on item maintainability assessed. A report of such
findings is typically made to the procuring activity or demonstration authority.

Two basic types of tests may be used for statistical maintainability demonstration: sequential
and non-sequential. In sequential testing, testing continues until a decision to accept or reject the
hypothesis under consideration (see Section B.3.1 of this Appendix for discussion of hypothesis
testing) can be made. One drawback of sequential testing is that the length of the test cannot be
determined in advance. However, sequential testing will accept very low MTTRs or reject very
high MTTRs very quickly. A non-sequential, or fixed sample size is best when the
maintainability must be demonstrated with a given confidence level.

Whenever sequential test plans are employed (see Test Method 1, for example), care must be
exercised in selecting and sampling tasks to insure that a true simple random sample is obtained.
Departures from simple random sampling, such as proportionate stratified sampling, can affect
the validity of the test procedures presented herein. However, this effect is considered minimal
for the sample sizes required by the test procedures that are not sequential tests. In short,
simple random sampling must be used for sequential test methods.

B.4.0 Test Methods

In general, the maintainability index to be demonstrated is the primary consideration in selecting a
maintainability demonstration test method. Considerable savings in sample size can be obtained
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by use of sequential test procedures in preference to fixed sample sized tests. As a general rule,
however, the sequential test should be used only when prior knowledge (e.g., from the
prediction) indicates that the equipment may be much better (or worse) than the specified value.

The justification for use of the log-normal assumption for corrective maintenance time is based on
extensive analysis of field data which have shown that the log-normal distribution provides a
good fit to the data. However, in some cases it might be suspected that the log-normal
assumption does not hold (e.g., equipment with a high degree of built-in diagnostics). When this
occurs the log-normal assumption should be tested through the use of goodness of fit tests such
as the Chi-square or Kolomogorov-Smirnov. If other distributions also do not fit the data, then a
distribution-free method should be employed to ensure preservation of specified risks.

B.4.1 List of Symbols. The following symbols and notations are common to test methods 1 - 3
contained in this appendix:

X = the random variable which denotes the maintenance characteristics of interest (e.g., X
can denote corrective maintenance time, preventive maintenance time, fault location time,
manhours per maintenance task, etc.).

Xi = the ith observation or value of the random variable X.
n = the sample size.
n
= ) = 1
X = thesamplemean(ie., X=— % (Xi))
n =1

E(random variable) = the expected value of the variable

Q
Il

E[ (InX - 9)2 ] = the true variance of InX.

ML = E(X) = the true mean of X.

d2 = var X)=E[(X- u)2] = the true variance of X.

d2 = the sample variance of X (i.e. , d2 =
n (n U
s -%2=1 O x.2-nx20
n-1;= n-15= %
d? = the prior estimate of the variance of the maintenance time.
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Xp = the (I-p)th percentile of X (i.e. , X ;5 = the 95th percentile of X).
M = X 5 = the median of X.
Y = InX = the natural logarithm of X.
Y = the sample mean of Y
0 = E(InX) = the true mean of InX
32 = the prior estimate of the variance of the logarithm of maintenance times.
s2 = the sample variance of InX.
Z p = the standardized normal deviate exceeded with probability p (i.e.,
20
% %dz =p)
I \/ 2T
P
Zy = Z(l-ﬁ) = standardized normal deviate exceeded with probabilities o and (1-[3)
respectively.
o = the producer's risk; the probability that the equipment will be rejected when it has
a true value equal to the desired value (H)).
B = the consumer's risk; the probability that the equipment will be accepted when it
has a true value equal to the maximum tolerable value (H,).
Hy = the desired value specified in the contract or specification and is expressed as a
mean, critical percentile, or critical maintenance time.
H; = the maximum tolerable value. Note: Hy < H;.

When X is a log-normally distributed random variable:

f(x)—— -1/207 (Inx - 0)2, 0<x<wo
ox\ 2T

If'Y = InX, the probability density of Y is normal with mean 8 and O 2 variance

Y~N(8,0%)
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Properties of the log-normal distribution:

2
+9
2

g O
[ |

mean= |l = e

9+025D 2 0O
variance = d2 = e% Dgo -1

= O

median = M= ¢

ot

mode=M= e

%) +7 o%
(1-p)th percentile = Xp =e p
TABLE B-VIII. Standardized Normal Deviates.

P Zp
0.01 2.33
0.05 1.65
0.10 1.28
0.15 1.04
0.20 0.84
0.30 0.52

The following symbols are common to test methods 4, 8 - 11 contained in this appendix.

X, = Maintenance downtime per corrective maintenance task (of the ith task).

Xpm_ = Maintenance downtime per preventive maintenance task (of the ith task).
1

n, = Number of corrective maintenance tasks sampled.

Ny = Number of preventive maintenance tasks sampled.

B = Consumer's risk

(0] = That value, corresponding to risk, which is obtained from a table of normal

distribution for a one-tail test.

f = Number of expected corrective maintenance tasks occurring during a

representative operating time (T).
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Number of expected preventive maintenance tasks occurring during a
representative operating time (T).
Item representative operating time period.

Total maintenance downtime in the representative operating time (T).

)_(p/c: Mean downtimes of sample. (Corrective, Preventive, and combined
Corrective/Preventive Maintenance Times.)

Sample calculated maximum corrective maintenance downtime.

Specified mean corrective maintenance time.
Specified mean preventive maintenance time.
Specified mean maintenance time. (Taking both corrective and preventive

maintenance time into account.)

A requirement levied in terms of a maximum value of a percentile of task time

(i.e., 95% of all corrective task times must be less than 60 minutes) usually
taken as the 90th or 95th percentile.

Specified M, of corrective maintenance downtimes.

= Specified M, of preventive maintenance downtimes.

E(In X)) = Expected value of the logarithm of corrective maintenance tasks.

Log X, ,Log X, =Logtothebase 100of X. , X
1

. H *
C1 (¢

In Xci,ln X, = Natural logs of Xci, X,

Median value of corrective maintenance tasks.

Median value of preventive maintenance tasks.

B.4.2 TEST METHOD 1: Test On The Mean. This test provides for the demonstration of
maintainability when the requirement is stated in terms of both a required mean value (M) and a

design goal value () (or when the requirement is stated in terms of a required mean value (H,)

and a design goal value (Hy) is chosen by the contractor). The test plan is subdivided into two

basic procedures, identified herein as Test Plan A and Test Plan B. Test A makes use of the
lognormal assumption for determining the sample size, whereas Test B does not. Both tests are
fixed sample tests, (minimum sample size of 30), which employ the Central Limit Theorem and
the asymptotic normality of the sample mean for their development.
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ASSUMPTIONS

Test A - Maintenance times can be adequately described by a lognormal distribution. The

variance, a2 , of the logarithms of the maintenance times is known from prior information or
reasonably precise estimates can be obtained.

Test B - No specific assumption concerning the distribution of maintenance times are

necessary. The variance d? of the maintenance times is known from prior information or
reasonably precise estimates can be obtained.

Hypotheses
Hj: Mean = (Equation B-2)
H;: Mean = [y, (B> Hg) (Equation B-3)

[lustration: Hj: p = 30 minutes
H;: gy =45 minutes

Note that Py is normally the specified maintainability index value, and that [, is typically

the maximum acceptable value of the specified index.

SAMPLE SIZE - For a test with producer's risk a and consumer's risk 3, the sample size
for Test A is given by:

Zgho+Zgh)* ~2
n=—2"2 0 le (G (Equation B-4)
My ~Hg)

is a prior estimate of the variance of the maintenance times and Z, and ZB are

where &2

standardized normal deviates. The sample size for Test B is given by:

07 +7g 7

n= ng (Equation B-5)

d

i F

where d?%is a prior estimate of the variance of the maintenance times. Z, and ZB are

standardized normal deviates.
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Decision Procedure - Obtain a random sample of n maintenance times, Xp KXoy ovos Xy
and compute the sample mean,
n
= 1
X== 3 X; (Equation B-6)
n =1
and the sample variance
Un 0
qz- %Dz Xiz -nx2U (Equation B-7)
n- =1 %

Test A:  Accept if X< HotZ (Equation B-8)

a

Test B:  Accept if X< HotZ (Equation B-9)

a

;\" oo ;\" oo

Reject otherwise

Discussion - By the central limit theorem, the sample mean X is approximately normal for
large n with mean E(X) and variance Var ( X). In Test A, under the log-normal assumption Var

— ~ ~2 ~2
X = d? where d% = e(26+0 )(ec -1) = uz (e0 -1). Thus the sample size, n, can be

computed using a prior estimate of 52, In Test B, a prior estimate of d? is assumed to be
available to calculate the sample size. A critical value C is chosen such that p, +

Zy '@Varizczul—ZB@Vari. If p = g, then P()_(>C) = aandif p = W, then
P(X<C)=p.

Example - It is desired to test the hypothesis that the mean corrective maintenance time is
equal to 30 minutes against the alternate hypothesis that the mean is 45 minutes with
a=[p=0.05.

Then Hj: Hy =30 minutes.
H;: Yy =45 minutes.

Test A: Under the log-normal assumption with prior estimate of 52 = 0.6, the sample size using
[1.65(30) + 1.65(45)] 061
e -
(45-30)2

equation B-41is: n_ = ) = 56.

B-28



MIL-HDBK-470A

APPENDIX B

Test B: Under the distribution-free case with a prior estimate of %= 900, (or d= 30), the
sample size using equation B-5 is:

0 F

0 0
n =4 27 329 =43
¢ Ous- 30DD

H 30

Operating Characteristic (OC) Curve - The OC curve for Test B for this example is given in
Figure B-4. It gives the probability of acceptance for values of the mean maintenance time from
20 to 60 minutes. The OC curve for Test A for this example is given in Figure B-3. It gives the
probability of acceptance for various values of the mean maintenance time. Thus, if the true
value of [ is 40 minutes, then the probability that a demonstration will end in acceptance is 0.21
as seen from Figure B-3.

1.00

Eme W~ IR I Smse

0.60 0.80

0.40

PROB OF ACCEPTANCE

0.20

00
1
5‘

)
et

=20.00 25.00 30.00 35.00 40.00 45. 00 50.00 55 oo 60 00
Mean Maintenance Time (Minutes)

FIGURE B-3. OC Curve for Test A.
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0.40 0.60 0.80 1.00

PROB OF ACCEPTANCE

0.20

00

Iy Il 1 [ o

t + t } { RO 2 e L 4
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Mean Maintenance Time (Minutes)

FIGURE B-4. OC Curve for Test B.

B.4.3 TEST METHOD 2: Test On Critical Percentile. This test provides for the
demonstration of maintainability when the requirement is stated in terms of both a required
critical percentile value (T)) and a design goal value (T,;) [or when the requirement is stated in

terms of a required percentile value (T;) and a design goal value (T)) is chosen by the system

developer]. If the critical percentile is set at 50 percent, then this test method is a test of the
median. The test is a fixed sample size test. The decision criterion is based upon the asymptotic
normality of the maximum likelihood estimate of the percentile value.

ASSUMPTIONS - Maintenance times can be adequately described by a log-normal

distribution. The variance, O 2, of the logarithms of the maintenance times is known from prior
information or reasonably precise estimates can be obtained.

HYPOTHESES

H: (1-p)th percentile, Xp =T, (Equation B-10)
or P[X> Ty]=p

H;: (I-p)th percentile, Xp = T (Equation B-11)
or PX> T;] =p, (T; > Tj)
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Ilustration: H,: 95th percentile = Xp = X (5 = Tj = 1.5 hours
In T, = 0.4055
H;: 95th percentile = Xp = X (5 = T; =2 hours
In T; = 0.6932

SAMPLE SIZE - To meet specified a and [ risks, the sample size to be used is given by
the formula

20
+7Z DZ +Z
n= 27 2 B

0}

= Round up to next integer Equation B-12
) D%lnTl an%( p ger) (Eq )
O
where:
32isa prior estimate of 02, the true variance of the logarithms of the maintenance times.

Zp is the standardized normal deviate corresponding to the (1-p)th percentile.

DECISION PROCEDURE - Compute:

n
Y = 1 > InX; (Equation B-13)
n:-
Un [
1
s2 = p— SZ (InX, )2 - nYZB (Equation B-14)
nop H
1
o g
=InTy + Zys = P 0 (Equation B-15)
g 2n-1)
H
Accept if Y + Zps <X* (Equation B-16)

Reject otherwise.

DISCUSSION - This test is based upon the fact that under the log-normal assumption, the

6+Z o
(1-p)th percentile value is given by Xp = e( p ). Taking logarithms gives In Xp = 0 +

Z pJ and using maximum likelihood estimates for the normal parameters 6 and 0, the (1-p)th

: : S : : 5 < in—1 : .
percentile maximum likelihood estimate is lnXp = Y+Zp0\n—. InXp, is approximately
n

normal. To meet the producer's risk requirements, a critical value X* is chosen for the sample
estimate of the (1-p)th percentile Xp. Note Y = 0 is an estimate for 6.
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Example - The following hypotheses are to be tested at a = 3 =.10.

H: 95th percentile = X (- = 1.5 hours = Tj,; In T, = .4055
H;: 95th percentile = X ;s = 2.0 hours = T;; In T; =.6932

A prior estimate of & Zis equal to 1.0. Using equation B-12,

n

C

D2+(165)Elo (2.65)
0 2 O (In2.0-Inl.57
~ 187

The critical value X* is given by equation B-15,

X* =1InT, +Zgs o, .
E; 2(n-1)

O
=In1.5+1.28s

o

O
ZpD

H

=.4055 +.1437s

OC Curve - The OC curve for Test Method 2 for this example is given in Figure B-5. It
gives the probability of acceptance for various values of the 95th percentile of the maintenance

time distribution.

If the true value of X5 is 1.7 hours, then the probability that a

demonstration will end in acceptance is 0.57 as seen from Figure B-5.

PROB OF ACCEPTANCE
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Sy
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| Moy ye

0.00

1.20

1.30

1.40 1.50 1.60 170 1.80 ' 1.90

95th Percentile Maintenance Time (Minutes)

FIGURE B-5. OC Curve for Test Method 2.
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B.4.4 TEST METHOD 3: Test On Critical Maintenance Time Or Manhours. This test
provides for the demonstration of maintainability when the requirement is specified in terms of
both a required critical maintenance time (or critical manhours) (Xp) and a design goal value

(Xp) (or when the requirement is stated in terms of a required critical maintenance time (Xp;)
and a design goal value (Xpy) is chosen by the system developer). The test is distribution-free

and is applicable when it is desired to establish controls on a critical upper value on the time or
manhours to perform specific maintenance tasks. In this test both the null and alternate
hypothesis refer to a fixed time and the percentile varies. It is different from Test Method 2
where the percentile value remains fixed and the time varies.

ASSUMPTIONS - No specific assumption is necessary concerning the distribution of
maintenance time or manhours.

HYPOTHESES

Hy: T= Xp, (Equation B-17)
(P1> Po)

Hi: T= Xp4 (Equation B-18)

For a specified a and 3.
Ilustration

Hy: 30 minutes = X, 5, = 50th percentile (median)
H;: 30 minutes = X, 55 = 25th percentile

SAMPLE SIZE, n, AND ACCEPTANCE NUMBER, c - The normal approximation to the
binomial distribution is employed to find n and ¢ when p, is not a small value. Otherwise, the

Poisson approximation is employed. The equations for n and c are as follows:

For 0.20< p, <0.80 (p;=1- Q,),

73 (m1Q *ZgPoQ0 5
n= E BVEI aN70~0 S (Use next higher integer value.) (Equation B-19)
0 P1 =Py 0

. EZBPOQ P1Q +ZyPyyPQ S

0 — — (Use next lower integer value.) (Equation B-20)
0 ZavPoQ *Z4p\P1Q  _
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For p( <0.20, n and ¢ can be found from the following two equations:

C -
e "PO(mpy) .
—21-a (Equation B-21)

¢ —1p, T
e n
A <B (Equation B-22)

Table B-IX provides sampling plans for various a and {3 risks and ratios p,/p, when p
< 0.20.

Decision Procedure - Random samples of maintenance times are taken, yielding n
observations Xl, X2, e Xn. The number of such observations exceeding the specified time T

is counted. This number is called r.
Accept Hyifr < c. (Equation B-23)
Reject Hy ifr>c. (Equation B-24)

Example - A median value of 30 minutes is considered acceptable whereas if 30 minutes is
the 25th percentile then this is considered unacceptable. The following hypotheses result:

H: 30 minutes = X 5 = 50th percentile (median)

H: 30 minutes = X, 55 = 25th percentile

Then, Z, = ZB =128, p, =0.50, p; =0.75. Using equations B-19 and B-20:

(75)(25) + \/(.50)(.50)52 _
(25) 5

23

f
n = (1.28)2 %
8

and,

=2 3Ei.zg(o.sy/ (.75)(25) +1.28(.75)y/ (.50)(.50) Bz ”
A 1.28(.50)(50) +1.28\(.75)(25) {
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OC Curve - The OC curve for Test Method 3 for this example is given in Figure B-6. It
gives the probability of acceptance for values of probability p, varying from 0.3 to 1.0. Here Xp

is the (1-p)th percentile. Thus, if the true value of the given critical maintenance time is the 40th
percentile, i.e., if the value of p is 0.6, then the probability that a demonstration will end in
acceptance is 0.61 as seen from Figure B-6.
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FIGURE B-6: OC Curve for Test Method 3.

B.4.5 TEST METHOD 4: Test On The Median (ERT). This method provides for
demonstration of maintainability when the requirement is stated in terms of an Equipment Repair
Time (ERT) median, which will be specified in the detailed equipment specification.

ASSUMPTION - This method assumes the underlying distribution of corrective
maintenance task times is lognormal.

SAMPLE SIZE - The sample size required is 20. This sample size must be used to employ
the equation described in this test method.
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TASK SELECTION AND PERFORMANCE - Sample tasks are selected in accordance
with the stratification procedure outlined in Section 3.5.2. The duration of each task is recorded
and used to compute the following statistics:

nC
3 (LogX, )
Log MTTR = =1 . ! (Equation B-25)
C
n
¢ 2
5 (l0gX,,)
s=q=L__ 1 _ (logMTTR G)2 (Equation B-26)
n

C

(Note: All logarithms in equations B-25 and B-26 are to be taken to the base 10.)

Where: MTTR (; is the measured geometric mean time to repair. It is the equivalent to the MC )

used in other plans included in this document.

DECISION PROCEDURE - The equipment under test will be considered to have met the
maintainability requirement (ERT) when the measured geometric mean-time-to-repair (MTTR ;)

and standard deviation (S) as determined in equation B-26 above satisfies the following
expression:

Accept iflog MTTR 5 <log ERT + 0.397(S) (Equation B-27)
where:

log ERT = logarithm of the equipment repair time

log MTTR 5 = the value determined in accordance with equation B-25

S the value determined in accordance with equation B-26

DISCUSSION - The value of equipment repair time (ERT) to be specified in the detailed
equipment specification should be determined using the following expression:

ERT (specified) = 0.37 ERT . (Equation B-28)
ERT, ., = the maximum value of ERT that should be accepted no more than 10 percent of
the time.

0.37 = ovalue resulting from application of "student's t" operating characteristic that
assures a 95 percent probability that an equipment having an acceptable ERT will not be
rejected as a result of the maintainability test when the sample size is 20, and assuming a
population standard deviation (0) of 0.55.
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DERIVATION OF CRITERIA - The following are brief explanations of the derivations of
various criteria specified herein, and are intended for information purposes only. The acceptance
criterion, log MTTR < log ERT + 0.397(S), assures a probability of 0.95 of accepting an

equipment or system as a result of one test when the true geometric mean-time-to-repair is equal
to the specified equipment repair time (that is, a probability of 0.05 of rejecting an equipment or
system having a true MTTR; equal to the specified ERT). This was derived by using

conventional methods for establishing acceptance criteria. The conventional methods for
determining acceptance based on the measured mean of a small sample (that is, sample size less
than 30), and when the true standard deviation (@) of the population can only be estimated, is to
compare the measured mean with the desired mean using the expression:

_ (x=%p) h =1
B g N ne (Equation B-29)
where:
i m®? -
S = |=—————— or the standard deviation of the sample
n
c

X = the sample or measured mean
xo = thespecified or desired mean
n, = the sample size
Xx. = the value of one measurement of the sample

—

The decision to accept the product will be made when the test results give a value of t, as
calculated for the above expression, numerically less than or equal to a value of t obtained from
"student's t" distribution tables at the established level (that is, 0.99, 0.95, 0.90, etc.) of
acceptance and the appropriate sample size. The "student's t" distribution tables (for a single
tailed area) give a value to t=1.729 at the 0.95 acceptance level when the sample size is 20 (that
is, 19 degrees of freedom). The table for single tailed area is used since only values of MTTR

greater than the specified ERT are critical. An equipment with any value of MTTR 5 lower than

the specified ERT is acceptable. To apply the expression for "t" to the maintainability test, let
xo = log ERT (specified), x=log MTTR ;5 (measured), S = the measured standard deviation of

the logarithms of the sample of measured repair time, and n, = the sample size of 20. The
measured MTTR 5 is then compared to the desired ERT by calculating the value of t using the

expression below:

logMTTR ; — logERT) | _
(= o ¢ gPRD 1

The equipment under test can be acceptable if the value of t calculated from the expression above
is equal to or less than +1.729 (the value of t from the "Student's t" distribution tables at an
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acceptable level of 0.95 when the sample size is 20). Therefore, the equipment should be
accepted when:

\T9 (logMTTR ; — logERT)
S

< +1.729.
Upon rearranging and simplifying the above expression, the acceptance criterion is obtained as

shown below:

1.729(S)

V19

logMTTR ; < logERT +0.397(S)*

logMTTR ; — logERT <

B.4.6 TEST METHOD 5: Test on Chargeable Maintenance Downtime per Flight.
Because of the relatively small size of the demonstration fleet of aircraft and administrative and
operational differences between it and fully operational units, operational ready rate or
availability cannot be demonstrated directly. However, a contractual requirement for chargeable
downtime per flight can be derived analytically from an operational requirement of operational
ready rate (ORR) or availability. This chargeable downtime per flight can be thought of as the
allowable time (hours) for performing maintenance given that the aircraft has levied on it a certain
availability or operational ready requirement. The requirement for chargeable downtime per flight
will be established using the procedure presented within this section.

DEFINITIONS - The following definitions apply to this test method:

A = Availability - A measure of the degree (expressed as a probability) to which an aircraft
is in the operable and committable state at the start of the mission, when the mission is called for
at an unknown (random) point in time. For this test method, availability is considered
synonymous with operational readiness. The aircraft is not considered to be in an operable and
committable state when it is being serviced and is undergoing maintenance.

TOT = Total Active Time in Hours.

Active Time = That time during which an aircraft is assigned to an organization for the
purpose of performing the organizational mission. It is time during which:

1. The aircraft is flying or ready to fly.
2. Maintenance is being performed.
3. Maintenance is delayed for supply or administrative reasons.

* Reference - "Introduction to Mathematical Statistics," P. Hoel, J. Wiley and Sons, Inc., 2nd Edition, 1954, pp.
222-229)
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DUR = Daily Utilization Rate - The number of flying hours per day.
AFL = Average Flight Length - Flying hours per flight.
NOF = Number of Flights per day.

DT =  Downtime - Time (in hours) during which the aircraft is not ready to commence an
assigned mission (i.e. , have the flight crew aboard the aircraft).

CMDT = Chargeable Maintenance Downtime - Time (in hours) during which maintenance
personnel are working on the aircraft, except when the only work being done would fall under the
nonchargeable maintenance downtime (NCMDT) category.

NCMDT = Nonchargeable Maintenance Downtime - Time (in hours) during which the
aircraft is not available for immediate flight but the only maintenance being performed is not

chargeable. It would include the following:

1. To correct maintenance or operational errors not attributable to technical orders,
contractor furnished training or faulty design.

2. Miscellaneous tasks such as keeping of records or taxiing or towing the aircraft to or
from other than the work center area.

3. Repair of accident or battle damage.

4. Modification tasks.

5. Maintenance caused by test instrumentation.

DDT = Delay Downtime - Downtime (in hours) during which maintenance is required but
no maintenance is being performed on the aircraft for supply or administrative reasons. It would
include the following:

1.  Supply Delay Downtime.

a. Not Operationally Ready Supply (NORS) time.
b. Item obtainment time from other than the work center area.

2. Administrative Delay Downtime.

a. Personal breaks such as coffee or lunch.
b. No maintenance people available for administrative reasons.
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o = the producer's risk: The risk that the producer (or supplier) must take that the
hypothesis that a true mean = My will be rejected even though it is true. The desirable value of

o must be determined by judgment and agreed upon by the procuring activity and the systems
developer. All other things being equal, a smaller value of a will require a larger sample size.

M = The maximum mean chargeable maintenance downtime per flight.

M|, = The required mean CMDT per flight.

M-M = The difference between the maximum mean (M) of the parameter being tested and
the specified mean (M ). This value must be determined in conjunction with a value for B, the
consumer's risk. M is a value, greater (or worse) than the specified mean, which the consumer is

willing to accept, but only with a small risk or probability (). If the true mean is in fact equal to
the value of M selected, the hypothesis the true mean = M, will be accepted, although

erroneously, 100 3 percent of the time.

3 = The consumer's risk. The risk, which the consumer is willing to take, of accepting the
hypothesis that the true mean = My when in fact the true mean = M. All other things being

equal, a smaller value of 3 will require a larger sample size.

0= The true standard deviation of the parameter (CMDT per flight) being tested. This
value, unless it is a specification requirement, will not be known, but an estimate must be made.
(It is assumed that both M and M, will have the same value of 0.) The developer's

maintainability math model, previous models, or previous data may be used. All other things
being equal, a larger value of owill require a larger sample size.

ASSUMPTIONS - This method requires no assumption as to the probability distribution
of chargeable downtime per flight. The method is valid only if the Central Limit Theorem
applies, which means that the sample size (number of flights) must be large enough for this
theorem to apply. The sample size must be at least 50, but the actual size is to be determined in
accordance with equation B-39.

DERIVATION OF CMDT PER FLIGHT FROM AVAILABILITY - The requirement for
CMDT per flight which will be demonstrated will be determined using the following
mathematical derivation.

CMDT + NCMDT + DDT

A=1- Equation B-30

TOT (Eq )
A(TOT) = TOT - CMDT - NCMDT - DDT (Equation B-31)
CMDT = TOT - A(TOT) - NCMDT - DDT (Equation B-32)
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CMDT _ TOT - A(TOT)—-NCMDT -DDT
NOF NOF

(Equation B-33)

but,

& _ TOT(DUR)

Equation B-34
24(AFL) (Fa )
therefore,

CMDT _ 24(AFL) _A(24)(AFL) NCMDT _DDT
NOF DUR DUR NOF  NOF

(Equation B-35)

CMDT
NOF

= CMDT per flight, which will be demonstrated.

Values for DUR and AFL should be those planned for the aircraft during operational use. Values
for NCMDT d DDT

an

NOF NOF
provided to the system developer in the RFP or, if not, must be provided by the developer in his
proposal. The value for availability or operational ready rate should be provided in the RFP.

are a function of the operational environment. They should be

CMDTO
Example - Following is an example of how a requirement for CMDT per flight
L£Xample g p q p g %E

will be derived:

Required A =0.75
DUR = 2 hours per day
AFL =4 hours per flight

MDT
NCMDT _ 0.2 hours per flight
NOF

DDT

—— = 1.0 hours per flight

NOF

Then,

CMDT _ 24(4) _ (0.75)(24)(4) _ 02-10
NOF 2 2

CMDT _ 48-36-0.2-1.0
NOF

CMDT

=10.8 hours per flight
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SAMPLE SIZE - Since the Central Limit Theorem is applied, the expected distribution of
the means will take on a normal distribution as in Figure B-7. If the true mean is equal to M,

and a particular o is desired, the upper distribution (the mean of the distribution will equal M)

will apply. It is on this basis that an acceptance rule is generated to the effect that if X is found

Z_ O
to be equal to or less than the value M, + OL the item is to be accepted.

A'n

7
|

M+Zd'T
Where: ( —"_V-—-';: )
corresponds to the value
(r1o+; &0 )
Vi

FIGURE B-7. Distribution of Means.
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If the true mean is equal to M (which is greater than M ) the distribution of means will take on a

normal distribution with a mean of M as shown in the lower distribution. The value to be used

o ZyO .
as an acceptance criterion, My +—-—, corresponds and is equal to a value:
\n

Z_,0
M +—9%—: where a' is a new confidence level

n

M= e oy Zaf (Equation B-36)
= = ; quation B-
O n \n
where M= M + (M-M,) (Equation B-37)
Z,0 Z,0 )
M, + I =My +M- M, + —— (Equation B-38)
V1 A n

or simplifying, the sample size (n) requirement is:

g7y P a7

= (Equation B-39)
M-M,T  OM-M, [T
i o H H o O
If this expression should result in n less than 50, then a sample of 50 must be used.
o = Probability of rejection if true mean equals M.

1-a’ = B = Probability of acceptance if true mean equals M.

Zy, Z (1-B) = standardized normal deviate as defined.

See table below for relationships between Z  and o and 3, where w= o or 1- .

7 .01 .05 1 15 2 3 7 8 .85 9 95 99,

W >

2.33 1.65 128 1.04 .84 520 -52 -84  -1.04 -128 -1.65 -2.33

Z,=72Z,or Z(I-B)
Example - Suppose for a requirement of M = 2.0, the following statistical test parameters
were agreed to by the procuring activity and the system developer:

a=0.10; Z, =128, 3=0.10; Z, n =-1.28; M-M,=0.30; 0=1.0; ——— = 0.3
o} 1-B 0 o
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_ (1.28+128% _ (256> _ 6.57 _ .
(0.3)2 0.3y 0.09

Using equation B-39: n

Decision Procedure - The chargeable maintenance downtime (X;) after each flight will be

measured and , at the end of the test, the total chargeable downtime will be divided by the total

number of flights to obtain (i) the sample mean CMDT and the sample standard deviation (s)
of CMDT.

NOF

_ 2%

X = II\_I(I)F (Equation B-40)
" - xP Lo a0 .

s=4/ Y = | 02 X" ~(NOF)X“ (Equation B-41)

| £, NOF-1 \(NOF—I)

g H

— Z.S
Accept if: X <M, +—2— (Equation B-42)
0 AV NOF
Rejectif: X >M + (Equation B-43)
VNOF

B.4.7 TEST METHOD 6: Test on Manhour Rate.” This test for demonstrating manhour rate
(manhours per flight hour) is based on a determination during Phase II (See Appendix E) test
operation of the total accumulative chargeable maintenance manhours and the total accumulative
demonstration flight hours. The demonstrated manhour rate is calculated as:

Manhour Rate — Total Chargeable Maintenance Manhours

- - (Equation B-44)
Total Demonstration Flight Hours

If the demonstrated manhour rate is less than or equal to the manhour rate requirement plus a
maximum value (AMR), by which the demonstrated manhour rate will be permitted to differ
from the required manhour rate, then the requirement has been met. AMR will be provided, by
the procuring activity, as a percentage of the system manhour rate requirement and will be
determined based upon such considerations as the expected Phase II duration, and prior
experience with similar systems. It is recognized that this demonstration method is non-
statistical in nature and does not allow the determination of quantitative producer's and

° Test Method 6 is intended for use with aeronautical systems and subsystems.

B-45



MIL-HDBK-470A

APPENDIX B

consumer's risk levels. It is for this reason that the AMR is provided (in a subjective manner) to
minimize the producer's risk.

Normally, all maintenance performed by approved test maintenance personnel during Phase II
and documented in appropriate maintenance reports will be the source of data for identifying
chargeable maintenance manhours. The procuring activity may elect to terminate the
demonstration prior to Phase II completion if sufficient data are collected to project that the
requirement will be met.

The manhour rate requirement must pertain to the aircraft configuration provided for in the
contract. For Phase II flights conducted with a configuration other than this, an appropriate
amount of chargeable manhours will be included in calculating the total chargeable manhours.
This amount will be based upon the predicted manhour rate associated with the equipment not
installed.

Care must be exercised in assuring that the predicted manhour rate pertains to flight time and not
equipment operating time. Appropriate ratios of equipment operating time to flight time must
therefore be developed.

B.4.8 TEST METHOD 7: Test on Manhour Rate - (Using Simulated Faults).® This test
for demonstrating manhour rate (manhours per operating hour) is based on (a) the predicted total
failure rate of the equipment used in the formulation of Table B-V (see section 3.5.2 of this
appendix), and (b) the total accumulative chargeable maintenance manhours and the total
accumulative simulated demonstration operating hours. The demonstrated manhour rate is
calculated as:

n
Total Chargeable Mai H 2 Xe, *(FS)
t t i= .
Manhour Rate = — 0 ~aTECAI0 eyn en‘ance ours _i=1 7 (Equation B-45)
Total Operating Time
where:
Xe. = Manhours for corrective maintenance task i
1
n = Number of corrective maintenance tasks sampled; n must not be less than 30
MTBF = MTBF of the unit (value used in development of Table B-V)
(PS) = Estimated average total manhours which would be required for preventive

maintenance during a period of operating time equal to n.(MTBF) hours

¢ Test Method 7 is intended for use with ground electronic systems where it may be necessary to

simulate faults.
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n
> X,
1=1n Lo X o = Average number of corrective maintenance manhours per corrective
maintenance task
T = Operating time

Discussion - When maintenance tasks are simulated as in Table B-V, T = n(MTBF),
where 1/MTBF = Aps the total failure rate of the equipment in question.

n n

2 X +(PS)

X, +(PS)
i=1 !

_ i=l _ 1 [X +(PS)] (Equation B-46)
T ne (MTBF) MTBF ¢ n

All components of (B-46) with the exception of )_(c can be considered constants. )_(c can be

considered a normally distributed variable when n is large (due to the Central Limit Theorem)

2

with Variance = —.
n

PS_ .
[XC+—S] 1s also
n

If )_(C is normally distributed it can be shown that the function: e

d 2.

2

1
normally distributed around the mean of the manpower rate with Variance = (—)(MTBF
n

~

assuming d = d.

Decision Procedure - Therefore, if the manhour rate requirement = Hp

Accept if:

= P

S d
X, < Hg (MTBF)- (?) +Z, -

(Equation B-47)

Where o denotes producer's risk.

B.4.9 TEST METHOD 8: Test on a Combined Mean/Percentile Requirement. This test
provides for the demonstration of maintainability when the specification is couched in terms of a
dual requirement for the mean and either the 90th or 95th percentile of maintenance times when
the distribution of maintenance time is lognormal.

ASSUMPTIONS - For use as a dual mean and 90th or 95th percentile requirement, the
mean must be greater than 10 and less than 100 units of time; the ratio of the 90th percentile
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maximum value to the value of the mean must be less than two (2); the ratio of the 95th
percentile maximum value to the value of the mean must be less than three.

Maximum Ratio of Percentile to Mean
90th Percentile Value 2
95th Percentile Value 3
Distribution assumptions are as defined above.

DISCUSSION - The test method actually demonstrates the 61st percentile value of
maintenance time in combination with either the 90th or 95th percentile values of maintenance
time rather than the mean value of maintenance time in combination with either the 90th or 95th
percentile values of maintenance time. However, because of the particular characteristic of the
lognormal distribution once a 61st percentile value of maintenance time less than X; and a 90th

or 95th percentile value less than X, has been demonstrated, for all practical purposes, a mean
value of less than approximately X, and a 90th or 95th percentile value less than X, have

likewise been demonstrated.

A dual requirement on maintainability, assuming a lognormal distribution of repair times, of a
maximum value of the Mean in conjunction with either the maximum value of the 90th or 95th
percentile of repair time (to be referred to as My, ) results in the definition of various

combinations of Bs and s which are acceptable to the dual requirement. (A complete technical
description of a lognormal distribution is provided by knowledge of 8 and o, hence all possible
lognormal distributions acceptable to the requirements are defined through definition of all
possible acceptable values of 8 and 0.) See Figure B-8A which defines the acceptable
combinations of 6 and 0 for a Mean of 30 minutes and a 95th percentile (Max) Of 60 minutes.

For the lognormal distribution, it is also possible to structure a dual requirement made up of the
maximum values of two percentiles (for example, the 61st percentile of repair time shall be a
maximum of 30 minutes and the 95th percentile of repair time shall be a maximum of 60 minutes).
This dual requirement also results in the definition of various combinations of acceptable values
of 8 and 0. See Figure B-8B. If a dual percentile requirement could be structured such that the
set of acceptable values of 8 and 0 defined were almost identical to the set of values of 8 and ©
defined for a given dual Mean and percentile requirement then a demonstration of that dual
percentile requirement would in reality also demonstrate the attainment of the dual Mean and
M\ 1ax fequirement. For this particular instance it has been found that under the assumption

listed above, almost identical acceptable values of 8 and O are provided for a combined Mean
and M, requirement and a combined 61st percentile (where the value of the 61st percentile is

taken equal to the specified value of the Mean) and M, requirement. See Figure B-8B which

defines the values of 8 and O acceptable to a dual 61st percentile (where the value of the 61st
percentile is taken equal to a specified mean of 30 minutes) and 95th percentile (where the
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maximum value of the 95th percentile, M ;. ., is given as 60 minutes) and Figure B-8C, which is

the superimposition of Figure B-8A on Figure B-8B.

4Q let 1 = required value of
mean (maximum
allowable)

let Xpl = maximum value of
95th percentile =

Mmax

In W20 + .50°

In Mpay26 + 1.650

4Q

define all possible values
of @ & o which are capable
of meeting or bettering the
requirement (defines the
characteristics of all
possible lognormal distri-
butions capable of meeting
or bettering the require-
ments ).

2Q

N

let 1n pp = Q
'4Q

AR
N

>N

2 4 fQ 6 @ .8 JEU ') L2y@ 1.44Q 1.6 JQ

FIGURE B-8A. Acceptable Combinations of Dual Requirements.

11740 let W = required value of
mean (max. allowable)

let X1 ~ maximum value of 95tk

percentile = Mygy
using the required value for
the mean as the maximum value
of the 6lst percentile.

In ;126 + .28 0

In Mgay2 6 + 1.65¢

374Q

define all possible values
of @ &0 which are capable
of meeting the dual
percentile requirement.

172Q

let In¥y = Q

174 Q

2/4a 44 s/a 8&/a Vo L2va  Laeva
T

FIGURE B-8B. Values Acceptable to Dual Requirements of Maximum Values of Two
Percentiles.
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14 qQ

3/4Q

172Q

1/74Q

NN

.2ya  aJa v a 8va Ja 12/ 1.4 a

FIGURE B-8C. Superimposition of Figure B-8A and B-8B.

Therefore, tests performed to demonstrate the attainment of both the percentiles in question
actually demonstrates the attainment of values of 6 and o which are almost identically
acceptable to a dual requirement of the Mean and M, . It follows then that an accept decision

relative to both percentiles would also approximately signify an accept decision for a dual Mean
and M, requirement.

Since both percentiles can be considered independent for practical purposes, the same samples
can be used for demonstration of both percentiles, therefore, if desired, the tests may be run
simultaneously.

PROCEDURE - Sample tasks are to be selected with respect to the procedure defined for
variable sample/sequential tests. The same sample tasks may be used simultaneously in the
demonstration of both the Mean and MMax requirements. Table B-X", Table B-XI*, and Table
B-XIT* (which are based upon the sequential probability ratio test of proportion) define the
accept/reject criteria for the values of the required mean, M, ;.. (when defined as the maximum

90th percentile value), M.~ (when defined as the maximum 95th percentile value),

respectively. The number of observations greater than and less than the required values of the
Mean and M. must be cumulated separately and compared to the decision values shown in

the tables applicable to the two requirements. When one plan provides an accept decision,
attention to that plan is discontinued. The second plan continues until a decision is reached. The

" Tables B-X, B-XI, and B-XII are appropriate to Test Plans A;, B, and B,, respectively.
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TABLE B-X. PLAN Al’ OBSERVATIONS EXCEEDING THE VALUE OF THE MEAN
(OR 61ST PERCENTILE VALUE).

# of Tasks # of Tasks

Observed (N) Accept Reject Observed (N) Accept Reject
5 5 55 12 20
6 6 56 13 v
7 57 21
8 v 58 v
9 7 59 14 v
10 60 22
11 61
12 0 v 62 v v
13 8 63 15 23
14 v L 64
15 1 65 v
16 9 66 16 v
17 67 24
18 v 68 v
19 2 v 69 17 v
20 10 70 25
21 v 71
22 3 Y 72 v
23 11 73 18 v
24 v 74 26
25 4 I 75
26 12 76 19 I
27 77 27
28 v 78 v
29 5 v 79 20 v
30 | 13 80 28
31 v 81
32 6 \4 82 v
33 14 83 21 v
34 v 84 29
35 7 v 85 v
36 15 86 22 v
37 87 30
33 v 88
39 8 v 89 v v
40 16 90 23 31
41 v 91
42 9 v 92 v
43 17 93 24 v
44 94 32
45 95 v
46 10 v 96 25 v
47 i 18 97 33
48 i 98
49 11 99 v
50 19 100 26 v
51 v
52 12 v
53 20
54 v v
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TABLE B-XI. PLAN (B1): OBSERVATIONS EXCEEDING Mmax - 90 Percentile

# of Tasks # of Tasks
Observed (N) Accept Reject Observed (N) Accept Reject
2 2 52 4
3 53 5
4 54
5 55
6 56
7 57
8 58
9 59
10 60
11 61
12 62
13 v 63
14 3 64 v
15 65 2
16 66
17 67
18 68
19 69
20 70
21 71
22 72 !
23 73 6
24 74
25 75
26 0 76
27 77
28 78
29 79
30 80
31 81
32 82
33 v 83
34 4 84 v
35 85 3
36 86
37 87
38 88
39 89
40 90
41 91
42 92 v
43 93 7
44 94
45 v 95
46 1 96
47 97
48 98
49 99
50 100 b
51 v 4
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TABLE B-XII. PLAN (B2): OBSERVATIONS EXCEEDING Mmax - 95 Percentile

# of Tasks # of Tasks
Observed (N) Accept Reject Observed (N) Accept Reject
2 2 52 3
3 53
4 54
5 55
6 56
7 57 0
8 58
9 59
10 60
11 61
12 62
13 63
14 64
15 65
16 66
17 67
18 68 v
19 69 3
20 70 4
21 71
22 72
23 73
24 74
25 75
26 v 76
27 2 77
28 3 78
29 79
30 80
31 81
32 82
33 83
34 84
35 85
36 86
37 87
38 88
39 89
40 90
41 91
42 92
43 93
44 94
45 95
46 96
47 97 v
48 98 0
49 99 1
50 100 1 4
51 v
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equipment is rejected when a decision to reject on either plan has occurred regardless of the status
of the other plan. The equipment is accepted only when an accept decision has been reached on
both plans. If no accept or reject decision has been made after 100 observations, the following
rule applies:

Plan A, - Accept only if 29 or less observations are more than the value of the required

Mean.
Plan B, - Accept only if 5 or less observations are more than MMaxc'

Plan B, - Accept only if 2 or less observations are more than MMaxC'

It is recognized and accepted that truncation will somewhat modify probability of acceptance
characteristics as described in the following subsection.

The OC Curve - The operating characteristic curve for the test procedure may be
determined by mapping the probability of acceptance for various selected points on a diagram of
the acceptable and unacceptable regions such as Figure B-8D. (Note that any point can be
identified uniquely by the coefficient of Q, where Q = In (required Mean), on the ordinate and the
coefficient of \6 on the abscissa - let the coefficient of Q be denoted as (C) and the coefficient

of \6 be denoted as (K) - for example, point B on Figure B-8D can be uniquely located at
C=3/4, K=.4). Each point is also representative of a particular lognormal distribution possessing
unique percentiles for the values given for J; (required maximum value for Mean ) and M.,

respectively.

U. (N 30 |
Mmax =60 ot 95th percentile
In 4,2Q

J POINTS FOR WHICH
/, PROBABILITY OF ACCEPTANCE
‘ 1wt BE DETERMINED
N,

1 174 ¢

3/74Q

/ !
[} / /
/ACCEPTABLE REGION
172qQ
D E \
N\
174 Q . ; J X T \ \
2 Ja 4o .6 Jo .aya JQ 1.2 ¥a 1.4 ya

v
FIGURE B-8D. OC Curve for Test Method 8.
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The probability of acceptance relative to any point is equal to the compound probability of
passing the percentile test relative to [, (Test A;) and passing the percentile test relative to

M fax (Test By or B,).

Let P, Pgy, and Pg, be the probability of passing test A;, B, and B,, respectively for any
given unique combination of 8 and 0 (a particular point). P, , Pg;, and Py, may be determined
by calculating Y, ¢, Yg, and Yg, from the following equations:

_4QU-0 .
Yy, =—= Equation B-48
Al K (Eq )
InM -CQ
Yo:=Yn, = max
Bl B2
KyQ

and entering Figure B-8E (for Test A,) with the calculated value of Y, and Figure B-8F (for
Test B;) or Figure B-8G (for Test B,) with the calculated value of Yg; or Yg,. The
corresponding value of probability of acceptance, P, |, and P, or Pg, (whichever of the B tests

(Equation B-49)

are appropriate) is read from each figure and P, and the appropriate Pg;, or Pg, value are

multiplied. The result of this multiplication is the probability of acceptance of a unit having a
particular O and O characteristic defined by (C) and (K).

1

Probability

1 2 3
Ya1

FIGURE B-8E. Probability of Passing Test A.
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Probability

1 2 3

Y1

FIGURE B-8F. Probability of Passing Test B,.

1

4

|

Probability

kS

1 2 3
YB2

FIGURE B-8G. Probability of Passing Test B,.
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Repeating the above for a number of points, as in Figure B-9, defines an operating characteristic
map relative to a given dual requirement. Note that probabilities of acceptance always decrease
as the point is located upward or to the right and always increase as the point in consideration is
located downward or to the left on the figure. Hence, sufficient knowledge of test characteristics
can be generated by evaluating relatively few points.
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FIGURE B-9. OC Map Relative to a Given Dual Requirement.

B.4.10 TEST METHOD 9: Test for Mean Maintenance Time (Corrective, Preventive,
Combination of Corrective and Preventive) and M, . This method is applicable to

demonstration of the following indices of maintainability: Mean Corrective Maintenance Time
(M), Mean Preventive Maintenance Time (U pm), Mean Maintenance Time (includes preventive

and corrective maintenance actions) (1 p/ o) and My (percentile of repair time).

CONDITIONS OF USE - The procedures of this method for demonstration of {, are

based on the Central Limit Theorem. No information relative to the variance (d2 ) of maintenance
times is required. It may therefore be applied whatever the form of the underlying distribution,
provided the sample size is adequate. The minimum sample size is set at 30. The actual sample
size (if greater than 30 are required) must be determined for each equipment to be demonstrated,
and 1s usually approved by the procuring activity.

Note: The procedure of this method for demonstrating M,, is valid for those cases
C

where the underlying distribution of corrective maintenance task times is lognormal.
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QUANTITATIVE REQUIREMENTS - Application of this plan requires identification of
the index or indices of interest and specification of quantitative requirements for each. When
demonstration involves [ o or upm, or a combination of both, consumer's risks need to be

specified. When demonstration involves M, , the percentile point which defines the
C
specified value of My, is specified. A minimum sample size of 30 corrective maintenance
C

tasks is required for demonstration of corrective maintenance indices. A minimum sample of 30
preventive maintenance tasks is required where demonstration of preventive maintenance indices
by sampling is permitted and is to be accomplished by this method.

TASK SELECTION AND PERFORMANCE - Sample tasks are selected in accordance
with the stratification procedures outlined in Section 3.5.2. The duration of each is recorded and
used to compute the following statistics:
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where the Antilog is taken to the Base e and where U is the value of the independent
variable lognormal function which corresponds to the percentile point at which M.~ has been
C

established. For the two most common percentile points, 90% and 95%, P is 1.282 and 1.645
respectively.

ACCEPT/REJECT CRITERIA - A table of the normal distribution function is consulted
for values of @ (for a one-tailed test) which corresponds to the specified level of consumer risk

. Table XIII provides values of ¢ which correspond to the most commonly used values of [3.

TABLE B-XIIL @vs. B.

@ B
0.84 20%
1.04 15%
1.28 10%
1.65 5%

Accept/reject criteria is computed for each specified index in accordance with the following:

Test for Mean Corrective Maintenance Time (uc) - The accept/reject value for M, is:

X +—-C¢ &C= standard deviation of sample of corrective maintenance tasks.

A

— &
Accept if [ (specified) 2 X+ \/i
n
C

A

-«
Reject if p_ (specified) < X +—=

VM

Test for Mean Preventive Maintenance Time (upm) - The accept/reject value for “pm is:

A

¢d

)_(pm +— b &pm = standard deviation of sample of preventive maintenance tasks.
n
\opm
. . < pm
> +——
Accept if Hpm (specified) —Xprn -
pm
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~

. . o pm
Reject if upm (specified) <Xpm t

n
V pm

Test for the Mean of all Maintenance Actions ( pp /c) - The accept/reject value of up e is:

A 2 A
npm(fcdc) +n (f_d_ )

c' pm pm

)2

2

X +Q
/
pre nn_ (f +f
c pm c pm

A 2 A
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If p_, (specified) ii +@ , Accept
p/c p/c nn_ (f+f )2
c pm c pm
> \“‘ nprn (fcac)2 * nc(fpmapm )2
Ifp I (specified) < X Pl 5 , Reject
P P \ nn_ (f+f )
c pm c pm
Test for M Max_ - The accept/reject value for M Max, is:
0 n []
0 N > O
[ n. (Y InX_ )" O
SZ (lan ) .Z (InX .) —_i=1 i S
M)\ = Antilog o=l gl : ¢ % where Antilog is to the
c O n n —1
o ¢ ¢ i
0 [
O [

Basee.

Accept if M. (specified) > My
C C

Reject if My, (specified) < My (.
C C

B.4.11 TEST METHOD 10: Tests for Percentiles and Maintenance Time (Corrective
Preventive Maintenance). This method employs a test of proportion to demonstrate

B-60



MIL-HDBK-470A

APPENDIX B

achievement of M , M
ct p

m’ MMaXC and MMaxpm when the distribution of corrective and

preventive maintenance repair times is unknown.

CONDITIONS OF USE - This method is intended for use in cases where no information is
available on the underlying distribution of maintenance task times. The plan holds the confidence
level at 75% or 90% as may be desired and requires a minimum sample size (N) of 50 tasks.

QUANTITATIVE REQUIREMENTS - Application of this method requires specification
of Mct’ Mpm ) MMaXCt (95th percentile) or MMaXpt (95th percentile) and selection of 75% or

90% confidence level.

TASK SELECTION AND PERFORMANCE - Sample tasks are selected in accordance
with the stratification procedures outlined in section 3.5.2. The duration of each task will be

compared to the required value(s) of the specified index or indices (Mct’ Mp ) MMaXCt and

m

Mpax ) and recorded as greater than or less than each index.
pm

ACCEPT/REJECT CRITERIA - The item under test shall be accepted when the number of
observed task times which exceed the required value of each specified index is less than or equal
to that shown in the Table (B-XIV or B-XV) corresponding to each index for the specified
confidence level.

Test for the Median - Table B-XIV is a test of the median for corrective and preventive
maintenance tasks. The acceptance level is shown for two confidence levels and a sample size
(N) of 50 tasks.

TABLE B-XIV’. Acceptance Table for Mct’ or Mpm; Sample Size = 50.

Confidence Level
75%  90%
Acceptance Level
22 20

Test for MMaxC and_MMaXDm - Table B-XV is a test for MMaXC and MMaxlom at the

95th percentile. The acceptance level is shown for two confidence levels and a sample size (N)
of 50 tasks.

" NOTE: Reference for Tables B-XIV and B-XV - "Introduction to Statistical Analysis" by Dixon & Massey, Page
230, McGraw-Hill Company, 2nd Edition, 1957.
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TABLE B-XV. Acceptance Table for MMaxC or MMaxpm; Sample Size = 50.

Confidence Level
75% 90%

Acceptance Level
1 0

B.4.12 TEST METHOD 11: Test For Preventive Maintenance Times. This method
provides for maintainability demonstration when the specified index involves upm and/or

M M ax om and when all possible preventive maintenance tasks are to be performed.

CONDITIONS OF USE - All possible tasks are to be performed and no allowance need be
made for underlying distribution.

QUANTITATIVE REQUIREMENTS - Application of this plan requires quantitative
specification of the index or indices of interest. In addition, the percentile point defining

M M ax om must be stipulated when M ;. om is of interest.

TASK SELECTION AND PERFORMANCE - All preventive maintenance tasks will be
performed. The total population of PM tasks will be defined by properly weighing each task in
accordance with relative frequency of occurrence as follows: Select the particular task for which
the equipment operating time to task performance is greatest and establish that time as the
reference period. Determine the frequency of occurrence (fpm) of all other tasks during the

reference period, where the frequency of occurrence of a given task is a fractional number, the
frequency shall be set at the nearest integer. The total population of tasks consists of all tasks
with each repeated in accordance with its frequency of occurrence during the reference period.

ACCEPT/REJECT CRITERIA

Test for upm - the mean is computed as follows:

k

3 Fom, K )

—i=1 i
upm (Actual) = .

i=1 Py
Where: fpm is the frequency of occurrence of the i task in the reference period,
i

k is the number of different PM tasks.
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prm is the total number of PM tasks in the population.
i

Accept if: upm (required) > upm (actual)
Reject if: upm (required) < ppm (actual)

Test for My, - The PM tasks shall be ranked by magnitude (lowest to highest value).

pm
The equipment shall be accepted if the magnitude of the task time at the percentile of interest is

equal to or less than the required value of My, .
pm

B.5.0 Maintainability Evaluation

The objective of maintainability evaluation is to evaluate the impact of the actual operational,
maintenance, and support environment on the maintainability parameters of the system, to
evaluate the correction of any deficiencies exhibited during maintainability demonstration, and to
demonstrate depot level maintenance tasks when applicable. A maintainability evaluation is
managed and conducted by the procuring activity during Operational Test and Evaluation as part
of the total system evaluation (see Figure B-1). Many of the requirements for demonstration
testing apply for evaluation testing except for the following:

* All evaluation items are production or production equivalent models

* The evaluation is conducted in the actual operational and maintenance environment
unless otherwise specified by the procuring activity

* All maintenance tasks are performed by those personnel (either procuring agency (e.g.,
government or civil service) or contractor who would normally perform maintenance on
the system in the fielded environment at the specified maintenance level.

* Maintenance tasks to be evaluated are those resulting directly from and incidental to
actual operation and maintenance. These tasks should be supplemented by fault
simulation only to evaluate specific tasks or special tasks that do not occur by chance
during the evaluation phase.

B.6.0 Maintainability Verification/Demonstration/Evaluation Planning and Management

Management of maintainability verification/demonstration/evaluation should include the
development of a maintainability test program plan®. The plan is prepared by the system
developer and should typically include the following sections, tailored according to the specific

® This plan should be an integral part of the overall test plan for the development program.
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requirements of a program. Each of the sections should be in some way identified as being
applicable to verification, demonstration or evaluation phases of the program.

Background Information - Includes a description of the quantitative and qualitative
maintainability requirements; the maintenance concept; maintenance environment; applicable
levels of maintenance; where testing is to be conducted; test facilities requirements; participating
agencies; mode (s) of operation of the items of interest, including configuration and mission
requirements; the specific items that are subject to verification, demonstration, and evaluation;
and data required for completion of the verification/demonstration/evaluation.

Item Interface - A description of the adequacy or inadequacy of the item support elements
and an estimate of their effect on the item maintainability. These elements would include the
following: Maintenance planning; support and test equipment; supply support; transportation,
handling and storage; technical data; facilities; and personnel and training.

Test Team - A test team should be assembled and described in the plan. The description
should include: Organization, degree of participation of procuring activity personnel and system
developer personnel, including managerial, technical, maintenance, and operation personnel. The
plan should also include test team member qualifications, quantity, sources, training
requirements, and indoctrination requirements.

Support Material - This section should cover support equipment, tools and test equipment,
technical manuals to be used (or required), spares and consumables requirements/needs, safety
equipment needs, and calibration equipment requirements.

Preparation Plan - Include a description of and schedule for the organization and assembly
of the test team, training of personnel, preparation of facilities, and availability, assembly,
checkout, and preliminary validation of support material.

Implementation - Provide a description of: the test objectives of each test phase (i.e.,
verification, demonstration, evaluation), schedule of tests (as coordinated with other disciplines);
procedures for selection of maintenance tasks when faults are to be simulated; any special
maintenance tasks, such as those requiring unique skills, equipment, test methods, etc., to be
performed, including method of demonstration; test method (see Section 3.6), including
accept/reject decision criteria, risks, etc.; data acquisition methods; data analysis methods and
procedures; specific data elements; type and schedule of reports to be generated, if any; and the
maintenance tasks to be verified, demonstrated, and evaluated.

Retesting Requirements - Provide a provisional schedule for special or repeat testing
required to investigate any deficiencies or trouble areas. Deficiencies should be corrected in any
item which has failed to meet the acceptance criteria. The corrected portions of the item and any
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other portions of the item affected by the correction should be retested during retest. The
maintenance tasks to be demonstrated should be as designated by the procuring activity.

B.6.1 Test Procedures. In designing the maintainability test procedures, both qualitative and
quantitative requirements should be verified, demonstrated and evaluated. Typically, qualitative
maintainability requirements to be verified, demonstrated and evaluated are described via a
checklist prepared by the system developer and coordinated with the procuring activity, when
applicable. These checklists permit observation, analysis, and identification of maintainability
characteristics incorporated or omitted. Quantitative requirements are verified, demonstrated,
and evaluated by actual demonstration of maintenance tasks.

B.6.1.1 Maintenance Task Generation. As implied, verification, demonstration and
evaluation is accomplished by performance of maintenance tasks at a specified maintenance level.
Generation of the specific maintenance tasks during each maintainability test phase can take
several forms as indicated below. The means by which the tasks are generated should be
considered, planned for and documented in the maintainability test plan.

Actual operation of the item in the specified test, operational and maintenance environment is
always the preferred method of maintenance tasks generation (i.e., maintenance is performed as a
result of naturally occurring failures). This can only be done, however, provided that assurances
can be given that a sufficient number of failures or maintenance tasks will occur during the test
period to satisfy any minimum sample requirements for the test method employed. This method
of maintenance task generation must therefore be considered early in the development stages to
make sure that a sufficient number of test or operational hours are planned, both through tests
dedicated for maintainability and other forms of testing, to make this approach feasible. Close
coordination with the entire development team is required for this approach to maximize all test
time planned.

In lieu of the naturally occurring failure approach to maintenance task generation is the fault or
failure simulation approach. This approach is to introduce failures by way of faulty parts,
deliberate misalignment, open leads, shorted parts, etc. As part of this approach, a maintenance
task sampling plan, as described in Section 3.5.2, must be prepared. When this is done as part of
demonstration testing, the actual task selection should not be made by the test team until
immediately prior to the demonstration.

B.6.2 Administration. As mentioned in the description of the maintainability test plan, a test
team consisting of members of both the procuring activity, if any, and the system developer
should be formed to manage the test program. The team members should be empowered to make
decisions for their respective organizations. Each member of the team may have advisors from
their organizations who are knowledgeable in the various aspects of the demonstration and the
requirements of the verification/demonstration/evaluation plan. The responsibilities of the team
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will be in accordance with what is described in the maintainability test plan, and should typically
include the following:

* Maintain surveillance over maintenance and inspection operations. Any apparent
discrepancies in maintenance task accomplishment and documentation observed by any
member of the team should be brought to the attention of the remaining test team
members within one working day of the occurrence for appropriate action.

* Evaluate and validate maintenance and operational data to determine applicable labor
hours, flying hours, operating time, maintenance time, downtime, item status, etc.

* Assure that the demonstration item selected has been adequately prepared in accordance
with applicable technical manuals and that no maintenance has been deferred that will
compromise the successful completion of the next scheduled operation or mission prior
to being placed in an operational ready status.

* Decide if resulting failures, maintenance time, elapsed downtime, maintenance labor
hours, etc., should be chargeable in cases where operator or maintenance crew errors
have been committed.

* Rule on questions of whether or not the verification, demonstration, and evaluation plan
has been adhered to.

* Rule on controversial points which may arise that are not specifically covered by
applicable specifications or other pertinent documentation. Further, determine those
matters which require contractual interpretation or resolution by the appropriate
procuring authority and system developer organizations. For these matters, the test
team majority and minority statements should be submitted to the procuring activity, or
other applicable authorities' contracting officer for resolution.

* Prepare and submit demonstration status reports to the procuring activity and system
developer.

* Analyze data and determine the extent of achievement of specified maintainability
requirements.

* Prepare and submit final results of each of the maintainability test phases to the
procuring activity and the system developer within the time period indicated in the test
plan.

* Assure that the following conditions have been fulfilled prior to the start of the
demonstration and evaluation test phase:

- each test item complies with the established configuration or that all deviations
reported have been accepted by the procuring activity

- all required technical manuals have been updated as necessary.

- all support resources are available in the type and quantity specified in the
verification, demonstration and evaluation test plan.

- all operator or maintenance crew personnel are properly trained and meet
established skill level requirements.
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- all records of approved changes in personnel requirements, operating and
maintenance manuals, data handling procedures and analysis techniques have been
incorporated in the final revision of the verification, demonstration, and evaluation
test plan.

B.6.2.1 Other Administrative Requirements. In addition to those duties just listed for the
test team, there are other administrative duties that usually accompany the implementation of a
maintainability test plan. For instance, the designated test team should have a test director who
has the authority to decide in all cases of deadlock between the members of the team. This
person is usually designated by the procuring activity. Other such requirements or "rules of
conduct" are provided below.

Instrumentation Failures: Any failures of test instrumentation used to instrument the
demonstration item for test purposes or failures induced by such test instrumentation installation
or operation, and all associated maintenance are not chargeable maintenance tasks.

Maintenance Due To Secondary Failures: If any secondary failures result from a
chargeable primary failure, the total resultant maintenance time to restore the items are chargeable
as a single maintenance task, except when the secondary failure results from the method used to
simulate a fault rather than from the fault itself. If the reason for the secondary failure is removed
(corrected), the time charged for the secondary failure can be deleted.

Inadequate Technical Manuals Or Support Equipment: If, in the accomplishment of a
maintenance task, a technician finds the applicable technical manuals or support equipment to be
inadequate, these instances should be brought to the attention of the test team and, if the
inadequacy is verified, this portion of the demonstration can be terminated. In these instances,
times measured are not chargeable. Action then must be taken to correct the inadequacies of the
technical manuals or support equipment, after which the same maintenance task is repeated.

Cautions: If an item is damaged or maintenance errors induced by item design complexity,
by poor design practice, or by following improper procedures that allow improper maintenance
(e.g., interchangeability of connectors) without proper caution in the technical manuals, the
failure and resultant maintenance times are chargeable. In these cases, action is then taken to
correct the improper procedures or deficiencies and the corrective action verified. When this
action is completed, the maintenance time saved can then be deleted.

Personnel Number and Skill: Each task should be performed by the prescribed number of
personnel with the prescribed skills. If personnel are required on an intermittent or sequenced
basis, the labor hours assessed against the maintenance task will include the required standby
time only if the standby time is of a type or duration which prevents standby personnel from
performing other productive tasks.
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Cannibalization: The maintenance associated with the removal or reinstallation of the item
or support equipment assemblies and/or components for cannibalization purposes are not
chargeable unless the deficiency can be directly related to lack of recommendations for proper
level of support spares or expendables. If the system developer takes action to correct the
deficiency, the time charged can be deleted.

B.6.3 Data Collection. As mentioned in other parts of this handbook, data collection is
important to the ability to identify weaknesses in the maintainability design of a system and
subsequent correction of those weaknesses. For the purposes of verification, demonstration and
evaluation, a sound data collection system must exist and be coordinated with other disciplines
and tests. The data system should be accessible by all members of the test team, including the
procuring activity, and should include information on all mission debriefings, failures and
maintenance data. The descriptions of all maintenance tasks must be adequate to enable
determination of which maintenance task was performed. It is important to include in the
maintainability database or maintenance related data records, all direct maintenance downtime or
labor hours which are not specifically determined to be nonchargeable. This information will then
feed into the quantitative calculations of all applicable maintainability metrics. Maintenance
times that may not be chargeable could result from such causes as:

- Maintenance and operational errors not chargeable to technical manuals, system
developer furnished training or faulty design

- Miscellaneous tasks such as keeping of records, taxiing and towing of aircraft to or from
an area other than the assigned work center area

- Repair of accident damage

- Documented delay downtime (supply or administrative) which is clearly outside the
responsibility of the system developer

- Modification tasks

- Maintenance of test instrumentation exclusive of normal configuration

- Maintenance time accountable to test instrumentation installation (other than normal
configuration) accrued during maintenance task performance

In any case, it is extremely important to establish up front in the program which maintenance
tasks will be chargeable, and which ones that will not. This will avoid confusion and arguments
later on between test team members.

B.6.3.1 Maintainability Parameter Calculations. All data acceptable to the test team during
each applicable test phase (i.e., verification, demonstration, etc.) is used in calculating the
maintainability parameters of interest. Section B.4.0 of this appendix provides methods of
calculating several such parameters and for determining, statistically, whether the system meets
the requirements.
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B.6.4 Documentation. After each phase of maintainability testing, a final report should be
developed that documents, as a minimum, the following information:

- Summary of data collected and location of data files
- Factors that influence the data
- Analysis of the data

- Results of the phase and certification that the specified objectives and requirements
have or have not been met

- Assessment of the integrated logistic support factors, such as technical manuals,
personnel, tools and test equipments, support equipment, maintenance concept and
provisioning for their effect on quantitative and qualitative demonstrated maintainability
parameters

- All noted deficiencies

- All recommendations to correct deficiencies and to make improvements

B.7.0 Testability Demonstration

A review made of a sample of past maintainability demonstrations showed a 100% success rate
for both large and small systems at primarily the organizational and intermediate maintenance
level. Only a small percentage of the systems reviewed, however, specifically addressed
testability. Those that did also had a 100% demonstration success rate, determined by
specifically calculating the percentage of faults detected and isolated. Despite the fact that
maintainability demonstrations are quite successful, testability related problems, especially those
associated with Built-In-Test (BIT), have continued to plague the maintainability performance of
many complex systems. Metrics such as cannot duplicate (CND) rate, retest OK (RTOK), and
false alarm rate have continued at unacceptable values in actual operations resulting in too many
resources being spent on maintenance of systems and equipments.

There are several reasons why maintainability demonstrations are usually successful, but
testability performance in the field continues to fall short of both expectations and demonstrated
values. Specifically, current demonstration techniques are inadequate to demonstrate testability
metrics such as fraction of faults detected and fault isolation resolution. Most maintainability
demonstrations are performed in laboratory environments using the fault insertion methods
previously described. Furthermore, the faults selected for insertion represent a small percentage
of those likely to occur during fielded operation. The reasons for limiting the number of faults
inserted include the fact that faults that will result in equipment damage or cannot be easily
inserted are not selected for demonstration. Only hard faults, such as open leads or shorted
components, that are relatively easy to detect, isolate and repair are selected. Also, many of the
faults that result in CNDs or RTOKSs, are not easily simulated in a demonstration test. Finally, it
is not possible to simulate failures or intermittent conditions that can be considered false alarms,
thus eliminating the ability to demonstrate any specified false alarm rate for BIT.
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Given the preceding facts, effective demonstration of testability is probably not possible in the
near future. It should be considered as part of future development programs only if significant
progress is made in developing methods that can demonstrate meaningful testability metrics.
This does not mean that maintainability demonstration, as described in this appendix, is not
useful. The need to demonstrate ease of maintenance and the adequacy of logistical support
services such as technical manuals, support equipment, sparing levels and training is still
extremely important to maintainability. Furthermore, if the diagnostic system designed into a
system cannot detect and isolate even those hard failures induced as part of a maintainability
demonstration, then this is an indication that a redesign is warranted.

If it is not possible to adequately demonstrate testability characteristics of the design in terms of
the aforementioned metrics, the question still remains then as to how the customer can be given
some assurance that the diagnostic system will allow the system to meet its overall system
performance requirements. The key is to do a better job early on in development of determining
exactly what the system diagnostic needs are, and then to develop a process by which higher
level requirements are allocated properly to subsystems. Further, as part of the systems
engineering approach to design, wherein an integrated product development (IPD) team is
assembled to manage the program and make decisions regarding requirements, allocations, etc., a
single individual must be given overall authority for testability. Furthermore, this person must be
given equal status in the decision making process, such that testability needs and requirements do
not take a back seat to other performance needs. In this manner, any design decisions must
consider the impact on testability prior to finalizing any approaches.

B.7.1 Defining Needs. In addition to making sure that testability receives equal consideration,
the IPD team needs to determine several items that will contribute to an effective testability
design. For instance, the need exists to define what constitutes a failure. In particular, failures
that can affect BIT performance, such as drift, must be clearly defined. This has been a problem
that has plagued BIT performance in the field. BIT algorithms that are too sensitive may detect
and report failures that only occur intermittently due to environmental or other factors, but it
may not be possible to duplicate in the maintenance environment the conditions that caused the
failure. A formal process must also be in place to ensure that test verticality is maintained from
one maintenance level to the next.

Another area that needs clear definition is in which failures need to be reported by BIT. Should
all BIT failures be reported, or only those that degrade safety or mission capability? For
example, should a failure be reported in a connector if it occurs intermittently (e.g., an average of
once every three flights) or only if the connector has failed three times in five consecutive test
attempts? All reportable BIT indications should be carefully reviewed to define the failure state
and the appropriate action.

Testability needs also should be determined from field and manufacturing data on like systems.
This is a problem, however, as many data collection systems do not adequately report testability
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problems. Therefore, the data collection system must be devised to collect data such as CNDs.
These data must then be analyzed to determine the root causes of such behavior such that
corrective actions can be implemented in next generation designs.

B.7.2 Using Test Programs to Verify Testability Design Attributes. Although a formal test
program to demonstrate testability features is not practical, full use must be made of all forms of
other testing, including reliability demonstration tests and other development tests, to improve
the testability design of the system. This requires, however, that the diagnostic system, such as
BIT, be available prior to the testing taking place. Once again, close coordination between the
individual(s) responsible for the diagnostic design and other disciplines within the IPD team is
absolutely essential.

During all testing that includes diagnostics, all failures and the diagnostic system response to
those failures, as well as the ability to detect and isolate faults using test support equipment,
must be recorded and analyzed accordingly to identify problems and to develop corrective
actions. This process includes collecting diagnostic performance data on both hardware and
software faults. A training program should be instituted that disseminates to all individuals
responsible for data collection the importance of testability information, and how to properly
record such data. This form of verification and evaluation (i.e., using laboratory tests,
development tests, etc.), as opposed to dedicated demonstration testing, is much more effective
for testability features, as such testing provides a means for testing diagnostics for long periods
of time without the need for unique diagnostic tests and extra assets.

Other methods regarding testability design and testability improvement can be found in
Appendix C, Design Guidelines.

B.7.2.1 Evaluation Methods for Digital Technology. Despite the noted lack of adequate
formal methods for testability demonstration, analytical techniques are available for specific
technologies at specific levels of design. In particular, fault simulation tools have been used for
several years in the assessment of digital designs. They are used at the IC level for manufacturing
level test, and at the circuit card level and above for both manufacturing level test and diagnosis
for repair.

In general, simulation, as described here, is the process of modeling the behavior of an object. The
purpose of using simulation is to save costs by verifying the designs and their specifications in a
software environment, prior to committing the design to hardware. Fault simulation of a digital
network is the modeling of the network's behavior in the presence of faults, where such faults can
be caused by physical defects or environmental influences.

As a means of testability verification, fault simulation is used for measuring or grading the
adequacy of a set of test patterns for detecting single "stuck-at" faults. In this way, the
percentage of failures that are detectable in the circuit, given a specific test pattern, is reported by
a particular fault simulation package. In essence, this is a measure of the fault coverage capability
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of the test pattern. Fault coverage is measured as the ratio of the number of faults detected by
the test pattern to the total number of simulated faults. Note that this number is not always
determined the same way in all fault simulators’. For instance, some fault simulators determine
the number of "fault classes" detected by the test pattern and divide this by the total number of
fault classes simulated to get fault coverage. A fault class is one or more faults in a circuit that
cause the same fault signature at a primary output of the circuit. Note also that most fault
simulators simulate "Stuck at" faults on the inputs and outputs of the devices in the model. This
is the most popular fault model, and will represent a majority of the faulty behaviors of digital
circuits. However, this technique does not cover all possible faults, and therefore some faults can
still occur that are undetectable, even if the fault simulation results in 100% fault coverage. The
standard procedure for fault coverage measurement, procedure 5012 of MIL-STD-883, outlines a
method for obtaining consistent results from any commercially available fault simulator. This
procedure is provided in Section 8.0 of this appendix.

Note that the achievable level of fault coverage is determined by the design of the circuitry, and
not just the test patterns. Many commercial packages that provide fault simulation capabilities
also report design characteristics that contribute to poor fault coverage values, thus allowing the
design engineer to make changes necessary to improve the testability of the circuit.

In addition to identifying design characteristics that inhibit fault coverage potential, many fault
simulators are used to build fault dictionaries for the purpose of fault isolation. Fault dictionaries
are created by applying tests to the design and then recording the errors in the form of a fault
signature. When an actual test is applied using ATE, for example, the errors that result are
recorded, and the fault dictionary is then searched in order to find the fault signature that matches
the observed fault signature. The corresponding list of candidate faults represents the ambiguity
groups that may contain the fault. Note that creation of such fault dictionaries, especially for
highly complex designs, can be expensive. Because of this, fault simulation is used more to
evaluate the fault detection characteristics of the design, rather than to build fault dictionaries.

Fault simulation is an essential part of evaluating the testability of digital designs, and of
developing test programs needed to support such designs. Often, fault simulation is not
performed during the development of digital circuits, even when good circuit simulation is.
Trying to develop high quality diagnostic tests without fault simulation is extremely difficult and
can lead to test strategies inadequate to detect and isolate faults in complex digital designs.
Therefore, investment in a commercial fault simulator and integration of fault simulation into the
digital design process should be a high priority for the IPD team. '’

’ See RADC-TR-89-230, "Fault Simulator Evaluation,” Final Technical Report, November 1989,
University of South Florida

' For further information on fault simulation see: RL-TR-91-6, "Digital Logic Testing and Testability,
In-House Report," February 1991, Dr. Warren H. Debany, Jr., and "Digital Systems Testing and
Testable Design, Revised Edition," by Abramovici, Breuer and Friedman, IEEE Press, 1990.
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B.8.0 Fault Coverage Measurement For Digital Microcircuits, Method 5012.1 —
Excerpted from MIL-STD-883D, 27 July 1990

B.8.1 Purpose. This test method specifies the procedures by which fault coverage is reported
for a test program applied to a microcircuit herein referred to as the device under test (DUT).
This method describes requirements governing the development of the logic model of the DUT,
the assumed fault model and fault universe, fault classing, fault simulation, and fault coverage
reporting. This method provides a consistent means of reporting fault coverage regardless of the
specific logic and fault simulator used. Three procedures for fault simulation are described in this
method: full fault simulation and two fault sampling procedures. The applicable acquisition
document shall specify a minimum required level of fault coverage and, optionally, specify the
procedure to be used to determine the fault coverage. A fault simulation report shall be provided
that states the fault coverage obtained, as well as documenting assumptions, approximations, and
procedures used. When any technique detailed in this method is inapplicable to some aspect of
the logic model, or inconsistent with the functionality of the available fault simulator and
simulation postprocessing tools, it is sufficient that the user employ an equivalent or comparable
technique and note the discrepancy in the fault simulation report. Microcircuits may be tested
by nontraditional methods of control or observation, such as power supply current monitoring or
the addition of test points that are available by means of special test modes. Fault coverage
based on such techniques shall be considered valid if substantiating analysis or references are
provided in the fault simulation report.

B.8.1.1 Terms. Terms and abbreviation not defined elsewhere in the text of this test procedure
are defined in this section.

a. Automatic Test Equipment (ATE). The apparatus with which the actual DUT will be
tested. ATE includes the ability to apply a test vector sequence (see 8.1.1L).

b. Broadside application. A method of applying a test vector sequence where input
stimuli change only at the beginning of a simulation cycle or ATE cycle and all changes
on primary inputs of the DUT are assumed to be simultaneous. Nonbroadside
application occurs when test vectors are conditioned by additional timing information
such as delay (with respect to other primary inputs), return-to-zero, return-to-one, and
surround-by-complement.

c. Detection. An error at an observable primary output of a logic model caused by the
existence of a logic fault. A hard detection is where an observable output value in the
fault-free logic model is distinctly different from the corresponding output value in the
faulty logic model. An example of a hard detection is where the fault-free logic model's
output value is 0 and the faulty logic model's output value is 1, or where the fault-free
logic model's output value is 1 and the faulty logic model's output value is 0. If the
high-impedance state (Z) can be sensed by the ATE, then a hard detection can involve
the Z state as well. A potential detection is an error where the fault-free output is 0 or
1 and the faulty output value is unknown (X), or Z if Z cannot be sensed by the ATE.
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Established test algorithm. An algorithm, procedure, or test vector sequence, that when
applied to a logic component or logic partition has a known fault coverage or test
effectiveness. This fault coverage or test effectiveness is denoted herein as the
established fault coverage or established test effectiveness for the established test
algorithm. For example, an established test algorithm for a RAM may be a published
memory test algorithm, such as GALPAT, that has been shown by experience to detect
essentially all RAM failures and therefore is assessed an established test effectiveness
of 100 percent. An Arithmetic Logic Unit (ALU) may be tested by means of a
precomputed test vector sequence for which fault coverage has been previously
determined. More than one established test algorithm may exist for a logic component
or logic partition, each with a different established fault coverage or test effectiveness.

Failure hierarchy: Failure mechanism, physical failure, logical fault, error. The failure
hierarchy relates physical defects and their causes to fault simulators and observable
effects. A failure mechanism is the actual cause of physical failure; an example is
electromigration of aluminum in a microcircuit. A physical failure (or simply failure) is
the actual physical defect caused by a failure mechanism; an example is an open metal
line. A logical fault (or simply fault) is a logical abstraction of the immediate effect of a
failure; an example is "stuck-at-one" behavior of a logic gate input in the presence of an
open metal line. An error is a difference between the behavior of a fault-free and faulty
DUT at one or more observable primary outputs of the DUT.

Fault coverage. For a logic model of a DUT, a fault universe for the logic model of the
DUT, and a given test vector sequence, fault coverage is the fraction obtained by
dividing the number of faults contained in the fault universe that are detected by the test
vector sequence as a percentage. In this test procedure, fault coverage is understood to
be based on the detectable fault equivalence classes (see B.8.3.3.2). Rounding of fault
coverage fractions or percentages shall be "toward zero," not "to nearest." For example,
if 9,499 faults are detected out of 10,000 faults simulated, the fault coverage is 94.99
percent; if this value is to be rounded to two significant digits, the result shall be
reported as 94 percent, not 95 percent.

Logic line, node. Logic lines are the connections between components in a logic model,
through which logic signals flow. Logic lines are the idealized "wires" in a logic model.
A set of connected logic lines is a node.

Logic: Combinational and sequential. ~Combinational digital logic contains only
components that do not possess memory, and in which there are no feedback paths.
Sequential digital logic contains at least one component that contains memory, or at
least one feedback path, or both. For example, a flip-flop is a component that contains
memory, and cross-coupled logic gates introduce feedback paths.

Macro. A logic modeling convention representing a model contained within another
model. A macro boundary does not necessarily imply the existence of a physical
boundary in the logic model. A main model is a logic model that is not contained within
a larger model. Macros may be nested (that is, a macro may contain submacros).
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j.  Primary inputs, primary outputs. Primary inputs to a logic model represent the logic
lines of a DUT that are driven by the ATE's drivers and thus are directly controllable
test points. The inputs to the "main model" of the logic model of the DUT are the
primary inputs, and the outputs from the main model are the primary outputs. Internal
nodes that can be driven or sensed by means of special test nodes shall be considered to
be control or observation test points.

k. Test effectiveness. A measure similar to fault coverage, but used in lieu of fault
coverage in cases where physical failures cannot be modeled accurately as logical faults.
For example, many RAM and Programmable Logic Array (PLA) failures cannot be
idealized conveniently in the same way as gate-level failures. However, established test
algorithms may be used to detect essentially all likely physical failures in such
structures.

l.  Test vector sequence. The (ordered) sequence of stimuli (applied to a logic model of a
DUT) or stimulus/response values (applied to, and compared for, the actual DUT by
the ATE).

m. Undetectable and detectable faults. An undetectable fault is defined herein as a logical
fault for which no test vector sequence exists that can cause at least one hard detection
or potential detection (see B.8.1.1c). Otherwise (that is, some test vector sequence
exists that causes at least one hard detection, or potential detection, or both), the fault is
defined herein to be a detectable fault (see B.8.3.3.3).

B.8.2 Apparatus

B.8.2.1 Logic Simulator. Implementation of this test procedure requires the use of a facility
capable of simulating the behavior of fault-free digital logic in response to a test vector sequence;
this capability is herein referred to as logic simulation.

In order to simulate sequential digital logic, the simulator must support simulation of a minimum
of four logic states: zero (0), one (1), high-impedance (Z), and unknown (X). In order to simulate
combinational digital logic only, the simulator must support simulation of a minimum of two
logic states: 0 and 1.

At the start of logic simulation of a logic model of a DUT containing sequential logic, the state of
every logic line and component containing memory shall be X; any other initial condition,
including explicit initialization of any line or memory element to a 0 or 1, shall be documented
and justified in the fault simulation report.

In order to simulate wired connections or bus structures, the simulator must be capable of
resolving signal conflicts introduced by such structures. Otherwise, modeling workarounds shall
be permitted to eliminate such structures from the logic model (see B.8.3.1.2).

In order to simulate sequential digital logic, the simulator must support event-directed simulation.
As a minimum, unit-delay logic components must be supported.
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Simulation of combinational-only logic, or simulation of sequential logic in special cases (such as
combinational logic extracted from a scannable sequential logic model) can be based on nonevent-
directed simulation, such as levelized, zero-delay, or compiled-code methods. The fault
simulation report shall describe why the selected method is equivalent to the more general event-
directed method.

B.8.2.2 Fault Simulator. In addition to the capability to simulate the fault-free digital logic, the
capability is also required to simulate the effect of single, permanent, stuck-at-zero and stuck-at
one faults on the behavior of the logic; this capability is herein referred to as fault simulation.
Fault simulation shall reflect the limitations of the target ATE. It is not necessary that the fault
simulator directly support the requirements of this test procedure in the areas of hard versus
potential detections, fault universe selection, and fault classing. However, the capability must
exist, at least indirectly, to report fault coverage in accordance with this procedure. Where
approximations arise (for example, where fault classing compensates for a different method of
fault universe selection) such differences shall be documented in the fault simulation report, and it
shall be shown that the approximations do not increase the fault coverage obtained.

B.8.3 Procedure
B.8.3.1 Logic Model.

B.8.3.1.1 Level of Modeling. The DUT shall be described in terms of a logic model composed
of components and connections between components. Primary inputs to the logic model are
assumed to be outputs of an imaginary component (representing the ATE's drivers), and primary
outputs of the logic model are assumed to be inputs to an imaginary component (representing
the ATE's comparators). Some logic simulators require that the ATE drivers and comparators be
modeled explicitly; however, these components shall not be considered to be part of the logic
model of the DUT.

B.8.3.1.2 Logic Lines and Nodes (see B.8.1.1g). All fan-out from a node in a logic model is
ideal, that is, fan-out branches associated with a node emanate from a single point driven by a
fan-out origin. All fan-in to a node in a logic model is ideal; that is, multiple fan-in branches in a
node drive a single line. Figure B-10 shows a node that includes fan-in branches, a fan-out origin,
and fan-out branches. Because fan-in and fan-out generally are not ideal in actual circuit layout,
the actual topology of the circuit should be modeled, if it is known, by appropriately adding
single-input noninverting buffers to the logic model.

B.8.3.1.3 G-logic and B-logic Partitions. Simple components of the logic model (logic
primitives such as AND, OR, NAND, NOR, XOR, buffers, or flip-flops; generally the
indivisible primitives understood by a simulator) are herein referred to as gate logic (G-logic).
Complex components of the logic model (such as RAM, ROM, or PLA primitive components,
and behavioral models - relatively complex functions that are treated as "black boxes" for the
purpose of fault simulation) are referred to herein as block logic (B-logic).
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FIGURE B-10. Node Consisting of Fan-in Branches, a Fan-out Origin,
and Fan-out Branches.

For the purpose of fault simulation, the logic model shall be divided into nonoverlapping logic
partitions; however, the entire logic model may consist of a single logic partition. The logic
partitions contain components and their associated limits; although lines may span partitions, no
component is contained in more than one partition. A G-logic partition contains only G-logic;
any other logic is a B-logic partition.

A logic partition consisting of G-logic, or B-logic, or G-logic and B-logic that, as a unit, is testable
using an established testing algorithm, with known fault coverage or test effectiveness, may be
treated as a single B-logic partition.

B.8.3.1.4 Model Hierarchy. The logic model may be hierarchical (that is, consisting of macro
building blocks), or flat (that is, a single level of hierarchy with no macro building blocks).
Hierarchy does not impose structures on lines; for example, there is no implied fan-out origin at a
macro input or output. Macros that correspond to physical partitions in a model shall use
additional buffers (or an equivalent method) to enforce adherence to the actual DUT's fan-out.

B.8.3.1.5 Fractions of Transistors. The fraction of transistors comprising each G-logic and B-
logic partition, with respect to the total count of transistors in the DUT, shall be determined or
closely estimated; the total sum of the transistor fractions shall equal 1. Where the actual
transistor counts are not available, estimates may be made on the basis of gate counts or
microcircuit area; the assumptions and calculations supporting such estimates shall be
documented in the fault simulation report. The transistor fractions shall be used in order to
weight the fault coverage measured for each individual logic partition (see B.8.3.5).

B.8.3.2 Fault Model.

B.8.3.2.1 G-logic. The fault model for G-logic shall be permanent stuck-at-zero and stuck-at-
one faults on logic lines. Only single stuck-at faults are considered in calculating fault coverage.
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B.8.3.2.2 B-logic. No explicit fault model is assumed for B-logic components. However, an
established test algorithm shall be applied to each B-logic component or logic partition. If a B-
logic partition contains logic lines or G-logic components, or both, justification shall be provided
in the fault simulation report as to how the established test algorithm that is applied to the B-
logic partition detects faults associated with the logic lines and G-logic components.

B.8.3.2.2.1 Built-in Self-test. A special case of B-logic is a partition that includes a linear-
feedback shift register (LFSR) that performs signature analysis for compression of output error
data. Table B-XVI lists penalty values for different LFSR degrees. If the LFSR implements a
primitive GF(2) polynomial of degree "k", where there is at least one flip-flop stage between
inputs to a multiple-input LFSR, then the following procedure shall be used in order to determine
a lower bound on the established fault coverage of the logic partition:

Step 1: Excluding the LFSR, but including any stimulus generation logic considered to be
part of the logic partition, determine the fault coverage of the logic partition by fault
simulation without signature analysis; denote this fault coverage by C.

Step 2: Reference Table B-XVI. For a given degree "k" obtain the penalty value "p". The
established fault coverage of the logic partition using a LFSR of degree "k" shall be
reported as (1-p)C. That is, a penalty of (100p) percent is incurred in assessing the
effectiveness of signature analysis if the actual effectiveness is not determined.

TABLE B-XVI. Penalty Values, P, for LFSR Signature Analyzers
Implementing Primitive Polynomial of Degree k.

k p

k<8 1.0
k=(8...15) 0.05
k=(16...23) 0.01
k> 23 0.0

B.8.3.3 Fault Universe Selection and Fault Equivalence Classing. Fault coverage shall be
reported in terms of equivalence classes of the detectable faults. This section describes the
selection of the initial fault universe, the partitioning or collapsing of the initial fault universe into
fault equivalence classes, and the removal of undetectable faults in order to form the detectable
fault universe. These three stages constitute the fault simulation reporting requirements;
however, it is generally more efficient to obtain the set of faults that represent the fault
equivalence classes directly without explicitly generating the initial fault universe.

B.8.3.3.1 Initial Fault Universe. The initial fault universe shall consist of single, permanent,
stuck-at-zero and stuck-at-one faults on every logic line (not simply on every logic node) in the
G-logic partitions of the logic model. A bus, which i1s a node with multiple driving lines, shall be
considered, for the purpose of fault universe generation, to be a multiple-input, single-output
logic gate. The initial fault universe shall include stuck-at-zero and stuck-at-one faults on each
fan-in and fan-out branch and the fan-out origin of the bus (see Figure B-10).
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The fault universe does not explicitly contain any faults within B-logic partitions. However, all
faults associated with inputs and outputs of B-logic components either are contained in a G-logic
partition or shall be shown to be considered by established test algorithms that are applied to the
B-logic partitions.

No faults shall be added or removed by considering or not considering logic model hierarchy. No
extra faults shall be associated with any primary input or output line, macro input or output line,
or logic line that spans logic partitions where the logic partitions do not correspond to a physical
boundary. No more than one stuck-at-zero and one stuck-at-one fault per logic line shall be
contained in the initial fault universe.

B.8.3.3.2 Fault Equivalence Classes. The initial fault universe shall be partitioned or
collapsed into fault equivalence classes for reporting purposes. The fault equivalence classes
shall be chosen such that all faults in a fault equivalence class cause apparently identical
erroneous behavior with respect to the observable outputs of the logic model. One fault from
each fault equivalence class shall be selected to represent the fault class for reporting purposes;
these faults shall be called the representative faults.

For the purpose of implementing this test procedure it is sufficient to apply simple rules to
identify structurally-dependent equivalence classes. An acceptable method for selecting the
representative faults for the initial fault universe consists of listing all single, permanent, stuck-at
faults as specified in Table B-XVII. Any other fault equivalencing procedure used shall be
documented in the fault simulation report. If a bus node exhibits wired-AND or wired-OR
behavior in the applicable circuit technology, then faults associated with that bus shall be
collapsed in accordance with the AND or OR fault equivalencing rules, respectively. Otherwise,
no collapsing of faults associated with a bus shall be performed.

TABLE B-XVII. Representative Faults for the Fault Equivalence Classes.

Stuck-at faults Type of logic line in logic model
s-a-1 Every input of multiple-input AND or NAND gates
s-a-0 Every input of multiple-input OR or NOR gates

s-a-0, s-a-1 | Every input of multiple-input components that are not AND, OR, NAND, or NOR gates
s-a-0, s-a-1 | Every logic line that is a fan-out origin
s-a-0, s-a-1 | Every logic line that is a primary output

Note: "s-a-0" is stuck-at-zero and "s-a-1" is stuck-at-one.

B.8.3.3.3 Detectable Fault Universe. Fault coverage shall be based on the detectable fault
universe. Undetectable faults shall be permitted to be dropped from the set of representative
faults; the remaining set of representative faults comprises the detectable fault universe. In order
for a fault to be declared as undetectable, documentation shall be provided in the fault simulation
report as to why there does not exist any test vector sequence capable of guaranteeing that the
fault will cause an error at an observable primary output (see B.8.1.1m). Any fault not
documented in the fault simulation report as being undetectable shall be considered detectable for
the purpose of calculating fault coverage.
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B.8.3.4 Fault Simulation.

B.8.3.4.1 Automatic Test Equipment Limitations. Fault coverage reported for the logic model
of'a DUT shall reflect the limitations of the target ATE. Two common cases are:

a. Fault detection during fault simulation shall occur only at times where the ATE will be
capable of sensing the primary outputs of the DUT; there must be a one-to-one
correspondence between simulator compares and ATE compares. For example, if fault
coverage for a test vector sequence is obtained using broadside fault simulation (where
fault detection occurs after every change of input stimuli, including clock signals), then
it is not correct to claim the same fault coverage on the ATE if the test vectors are
reformatted into cycles where a clock signal is pulsed during each cycle and compares
occur only at the end of each cycle.

b. Ifthe ATE cannot sense the Z output state (either directly or by multiple passes), then
the reported fault coverage shall not include detections involving the Z state. That is, an
output value of Z shall be considered to be equivalent to an output value of X.

Any differences in format or timing of the test vector sequence, between that used by
the fault simulator and that applied by the ATE, shall be documented in the fault
simulation report and it shall be shown that fault coverage achieved on the ATE is not
lower than the reported fault coverage.

B.8.4.2 G-Logic.

B.8.4.2.1 Hard Detection and Potential Detections. Fault coverage for G-logic shall include
only faults detected by hard detections. Potential detections shall not be considered directly in
calculating the fault coverage. No number of potential detections of a fault shall imply that the
fault would be detected.

Some potential detections can be converted into hard detections for the purpose of calculating
fault coverage. If it can be shown that a fault is only potentially detected by fault simulation but
is in fact detectable by the ATE by a difference not involving an X value, then upon documenting
those conditions in the fault simulation report that fault shall be considered to be detected as a
hard detection and the fault coverage shall be adjusted accordingly.

Faults associated with three-state buffer enable signal lines can cause X states to occur on nodes
with fan-in branches, or erroneous Z states to occur on three-state primary outputs that may be
untestable on some ATE. These faults may then be detectable only as potential detections, but
may be unconvertible into hard detections. In such cases, it is permissible for the fault simulation
report to state separately the fraction of the undetected faults that are due to such faults.

B.8.4.2.2 Fault Simulation Procedures. The preferred method of fault simulation for G-logic
is to simulate the effect of each representative fault in the G-logic. However, this may not be
practical in some cases due to the large number of representative faults, or because of limitations
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of the logic models or simulation tools. In such cases fault sampling procedures may be used.
When fault sampling is used, either the acquisition document shall specify the method of
obtaining a random sample of faults or the fault simulation report shall describe the method used.
In either case, the complete random sample of faults shall be obtained before beginning the fault
simulation procedure involving a random sample of faults.

Use of any fault simulation procedure other than fault simulation procedure 1 (see B.8.4.2.2.1)
shall be documented and justified in the fault simulation report.

In this section, it is assumed that the representative faults declared to be undetectable have been
removed from the set of faults to be simulated.

B.8.4.2.2.1 Fault Simulation Procedure 1. Simulate each representative fault in a G-logic
partition. The procedure used shall be equivalent to the following:

Step 1:  Denote by "n" the total number of representative faults in the G-logic partition.

Step 2:  Fault simulate each representative fault. Denote by "d" the number of hard
detections.

Step 3:  Fault coverage for the G-logic partition is given by d/n.

B.8.4.2.2.2 Fault Simulation Procedure 2. Obtain lower bound on actual fault coverage in a
G-logic partition using fixed sample size (see Table B-XVIII). The procedure used shall be
equivalent to the following:

Step 1:  Select a value for the penalty parameter "r" (r = 0.01 to 0.05). The
corresponding value of "n" in Table B-XVII is the size of the random sample of
representative faults.

Step 2:  Fault simulation each of the "n" representative faults. Denote by "d" the number
of hard detections.

Step 3:  The lower bound on the fault coverage is given by "d/n-r".

TABLE B-XVIII. Sample Sizes Used to Obtain Lower Bound
on Fault Coverage Using Fault Simulation Procedure 2.

r n
0.01 6860
0.015 3070
0.02 1740
0.03 790
0.04 450
0.05 290
Note: "n" is the minimum sample size required for a chosen

penalty "r".
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B.8.4.2.2.3 Fault Simulation Procedure 3. Accept/reject lower bound on fault coverage in a
G-logic partition using fixed sample size (see Table B-XIX). The procedure used shall be
equivalent to the following:

Step 1:  Denote by "F" the minimum required value for fault coverage. From Table B-
XIX obtain the minimum required sample size, denoted by "n".

n..n

Step 2:  Fault-simulate each of the "n" representative faults, and denote by "d" the
number of hard detections.

Step 3:  If "d" is less than "n" (that is, any faults are undetected), then conclude that the
faults coverage is less than "F". Otherwise (that is, all sampled faults are detected),
conclude that the fault coverage is greater than or equal to "F".

TABLE B-XIX. Sample Size Used to Accept/Reject Lower Bound
on Fault Coverage Using Fault Simulation Procedure 3.

F n F'
50.0% 5 87.1%
55.0% 6 89.1%
60.0% 6 89.1%
65.0% 7 90.6%
70.0% 9 92.6%
75.0% 11 93.9%
76.0% 11 93.9%
77.0% 12 94.4%
78.0% 13 94.8%
79.0% 13 94.8%
80.0% 14 95.2%
81.0% 15 95.5%
82.0% 16 95.8%
83.0% 17 96.0%
84.0% 18 96.2%
85.0% 19 96.4%
86.0% 20 96.6%
87.0% 22 96.9%
88.0% 24 97.2%
89.0% 26 97.4%
90.0% 29 97.6%
91.0% 32 97.9%
92.0% 36 98.1%
93.0% 42 98.4%
94.0% 49 98.6%
95.0% 59 98.8%
96.0% 74 99.1%
97.0% 99 99.3%
98.0% 149 99.5%
99.0% 299 99.8%

NOTE: For a given minimum required fault coverage "F" simulate "n" faults. If all faults
are detected, then conclude that the actual fault coverage is greater than or equal to "F".
Otherwise, conclude that the actual fault coverage is less than "F". The column labeled "F"
shows that actual fault coverage that has a 50 percent probability of acceptance.
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B.8.4.3 B-logic. Fault coverage shall be measured indirectly for each B-logic partition. For a
given B-logic partition, the established fault coverage or test effectiveness shall be reported for
that B-logic partition only if it is shown that: (a) the test vector sequence applied to the DUT
applies the established test algorithm to the B-logic partition, and (b) the resulting critical output
values from the B-logic partition are made observable at the primary outputs. Otherwise, the
fault coverage for that B-logic partition shall be reported as 0 percent. For each B-logic partition
tested in this way, the established test algorithm, proof of its successful application, and the
established fault coverage or test effectiveness shall be documented in the fault simulation report.

B.8.5 Fault Coverage Calculation. Let "m" denote the number of logic partitions in the logic

model for the DUT. For the ith logic partition, let "F;" denote its fault coverage (measured in
accordance with 8.3.4), and let " T;" denote its transistor fraction. The fault coverage "F" for the

logic model for the DUT shall be calculated as:
F=FT *« KT, ..« F T,

If fault simulation procedure 1 is performed for each G-logic partition in the logic model of a
DUT, then the fault coverage for the logic model of a DUT shall be reported as:

F of all detectable equivalence classes of single, permanent, stuck-at-zero and stuck-at-one
faults on the logic lines of the logic model as measured by MIL-STD-883, test method
5012."

If fault simulation procedure 2 or 3 is performed for any G-logic partition, then the fault coverage
for the logic model of a DUT shall by reported as:

"No less than F of all detectable equivalence classes of single, permanent, stuck-at-zero
and stuck-at-one faults on the logic lines of the logic model, with 95 percent confidence,
as measured by MIL-STD-883, test method 5012".

The confidence level of 95 percent shall be identified if any fault simulation procedure other than
procedure 1 was performed for any G-logic partition.

B.8.6 Summary. The following details shall be specified in the applicable acquisition
document:

a. Minimum required level of fault coverage and method of obtaining fault coverage.

b. Ifa fault sampling method is permitted, guidance on selection of the random sample of
faults.

c. Guidelines, restrictions, or requirements for test algorithms for B-logic types.
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MAINTAINABILITY PREDICTIONS

FOREWORD

This Appendix is an essential part of MIL-HDBK-470A. The information contained herein is
intended for reference only. The maintainability prediction procedure incorporated here was
previously identified as Procedure V in MIL-HDBK-472. The procedure has been retyped and
reformatted and the paragraph numbering was changed to reflect a stand-alone document.
Otherwise it has been incorporated without change.

Maintainability Prediction Procedure V was initially incorporated into MIL-HDBK-472
"Maintainability Prediction" with Notice 1 to that handbook dated 12 January 1984. This
incidentally was the only change made to that handbook since it was originally issued on 24 May
1966.

MIL-HDBK-472 Procedure V was developed under the joint sponsorship of Rome Laboratory,
formerly Rome Air Development Center (RADC) and the Naval Electronics System Command
by Hughes Aircraft. It was specifically developed to overcome deficiencies identified in
Procedures I and IV (See RADC-TR-78-169). After Procedure V was incorporated into the
handbook, it became the overwhelming procedure of choice for performing maintainability
predictions. It is the only prediction procedure addressed by modern automated maintainability
analysis tools.

Thus, only Maintainability Prediction Procedure V from MIL-HDBK-472 has been included in
this appendix.
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D.1.0 GENERAL

Scope. This procedure is primarily used to predict maintainability parameters of avionics and
ground and shipboard electronics at the organizational, intermediate and depot levels of
maintenance. It can also be applied to any application environment and type of equipment
including mechanical equipment. This Appendix is for guidance only and cannot be cited as a
requirement. If it is, the contractor does not have to comply.

D.1.1 Philosophy and assumptions. The maintainability prediction procedures presented herein
permit the maintainability of electronic equipment/systems to be analyzed, including direct
accountability of diagnostics, isolation, and test capabilities; replaceable item (RI)' construction;
packaging; and component failure rates. In addition, the following assumptions and stipulations
apply to any predictions made using the procedures:

Failure rates experienced are all in the same proportion to those predicted
Only one failure at a time is considered
Maintenance is performed in accordance with established maintenance procedures

Maintenance is performed by maintainers possessing the appropriate skills and training

o oo oo

Only active maintenance time is addressed; administrative and logistic delays, and clean-
up are excluded

Two separate methods are presented. Method A is a prediction method for use in the early
stages of the development of an equipment or system. Method B is a detailed prediction method
that uses actual detailed design data to predict maintainability parameters.

The application of the procedures presented here permits the user to monitor the overall system
maintainability throughout the design and development of that system. The user can identify
whether or not the specified maintainability design requirements will be met before the system is
complete. Thus, if it appears the maintainability requirements will not be met, the designers can
be informed and the necessary changes can be made before they become prohibitively expensive.

D.1.2 Point of application. Both prediction methods (Method A is the early prediction and
Method B is the detailed prediction) of this procedure can be applied to any equipment or
system level, at any level of maintenance, and for any maintenance concept pertinent to avionics,
ground electronics, and shipboard electronics. (While the prediction methods were developed
specifically for electronic equipments and systems, there is nothing inherent in the methods that
should prevent them from being applicable to electro-mechanical or mechanical equipments or
systems).

LA replaceable item (RI) is any of those physical entities normally removed and replaced to effect repair at the
maintenance level for which the prediction is being made.



D.1.3 Basic parameters of measure. Mean time to repair (MTTR) is the primary maintainability

MIL-HDBK-470A
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parameter that can be predicted using this procedure. The other maintainability parameters that

can be predicted using this procedure are: maximum corrective maintenance time at the @

percentile (M, (®)), percent of faults isolatable to a single replaceable item (1,); percent of

faults isolatable to <N replaceable items (Iy), mean maintenance labor hours per repair

(MLH/repair), mean maintenance labor hours per operating hour (MLH/OH), mean maintenance

labor hours per flight hour (MLH/FH). (For details see paragraph 2.2).

D.1.4 Information required. These data items must be provided as part of the maintainability

prediction.

D.1.4.1 Method A. To use Method A the following data are necessary:

™o oao oow

The number and contents of (either actual or estimated) the primary Rls

The failure rates, either predicted or estimated, associated with each RI

The basic fault isolation test strategy of each RI

The replacement concept, if fault isolation is to a group of RIs

The packaging philosophy

The fault isolation resolution, either estimated or required (i.e., % of faults isolated to
one repairable item or the average RI group size)

D.1.4.2 Method B. The data necessary to implement Method B are:

a0 oo

The replacement concept of each RI or group of RIs
The fault detection and isolation outputs associated with each RI
The failure rate of each RI

The maintenance procedure that is followed to remove and replace each RI

D.2.0 BASIC DEFINITIONS AND MODELS

D.2.1 MTTR elements. Corrective maintenance (CM) actions consist of the following tasks:
Preparation, Fault Isolation, and Fault Correction (further broken down into Disassembly,
Interchange, Reassembly, Alignment, and Checkout). The time to perform each of these tasks is

an element of MTTR, so the task times are called MTTR elements.

The definitions and abbreviations for the MTTR elements used in the prediction models are

shown in Table D-I.
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TABLE D-1. MTTR Elements.

MTTR Element (Abbreviation)

Definition

Preparation (TP

Time associated with those tasks required to be performed before fault
isolation can be executed.

Fault Isolation (T ) Time associated with those tasks required to isolate the fault to the
FInj level at which fault correction begins.

Disassembly (TD ) fl"ime‘ associat‘ed with gainjng access to the replaceable item or items
nj identified during the fault isolation process.

Interchange (TI ) Time assoqiated with the removgl and replacement of a faulty

nj replaceable item or suspected faulty item.

Reassembly (TR ) Time associated with closing up the equipment after interchange is

nj performed.

Alignment (T A )
nj

Time associated with aligning the system or replaceable item after a
fault has been corrected.

Time associated with the verification that a fault has been corrected

Checkout (T ) : !
nj and the system is operational.

Start-Up (TST ) Time.assoc.iated with bringing a system up to the operational state it
nj was in prior to failure, once a fault has been corrected and the

operational status of the system verified.

The nj subscript indicates that the n? RI is the object of the maintenance action brought about by
the jth fault detection and isolation (FD&I) indication or symptom. The term FD&I is defined as
those indications, symptoms, printouts, readouts, or the results of manual procedures which
separately, or in combination, indicate a fault or failure has occurred and identifies to the
maintainer the procedures to follow in performing maintenance.

Table D-II indicates the MTTR elements that must be predicted for each of the different fault
isolation cases listed at the top of the table.

TABLE D-II. MTTR Elements for Prediction Procedure.

Isolation to Isolation to Group
Single RI with Group Isolation to Group with | Isolation with Ambiguity (Requires

Replacement Iterative Replacement Further Isolation)

Preparation | Preparation Preparation Preparation | Secondary

Preparation

Isolation Isolation Isolation Isolation Secondary Isolation

Disassembly | Disassembly Disassembly Disassembly

Interchange | Interchange Interchange Interchange | Secondary Fault

Reassembly | Reassembly Reassembly Reassembly | Correction

Alignment Alignment Alignment Alignment

Checkout Checkout Checkout Checkout

Start Up Start Up Start Up Continue Start Up
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D.2.2 Basic models. The maintainability prediction contains two separate procedures: (1)
Method A is an early procedure for implementation when preliminary design data are available.
(2) Method B is a detailed procedure for implementation when detailed design and support data
are available. Both of these procedures are time synthesis model techniques and employ the
same general MTTR prediction model.

D.2.2.1 Mean time to repair (MTTR).

N

Z }\an’l
MTTR = n—lN— (Equation D-1)

> A,
n=1

where:
N = number of replaceable items (RI)
A, = failure rate of the nth RI
R, = mean repair time of the nth RT as computed in 2.2.1.1

D.2.2.1.1 Mean repair time for the n" RL

J
R, = B (Equation D-2)
z )\Il]
j=1
where:
J = number of unique FD&I outputs (see 3.2.3)
}\nj = failure rate of those n'! RI parts which would cause the n'h RI to be called out in
the jth FD&I output.
an = average repair time of the n® RI when called out in the jth FD&I output as

computed in 2.2.1.2

D-5



MIL-HDBK-470A

APPENDIX D

D.2.2.1.2 Average repair time for the n" RI.

Mnj
an = T, (Equation D-3)
m=1 W
where
Mnj = # of steps to perform CM when a failure occurs in the n'h RI and results in
the jM FD&I outputs. Includes all CM tasks, including operations on
other RIs called out in the j™ fault isolation result.
T, . = Average time to perform the m™ CM step for the n'' RI given the ji

FD&I output.

D.2.2.2 Percent isolation to a single RI.

K
> Ay
I = k=1 x 100 (Equation D-4)
N J
S S AL
n=1j=1 ¥
where:
)‘nj = failure rate of those n'h RI parts which would cause the n'h RI to be called out
in the j FD&I output.
A = failure rate associated with the kth FD&I output which results in isolation to one
RI
K = number of FD&I outputs which result in isolation to a single RI.
J = number of unique FD&I outputs (see 3.2.3)

D.2.2.3 Percent isolation to a group of RIs.

x 100 x 100 (Equation D-5)
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where:
A p = failure rate associated with the pth FD&I output which results in isolation to N
or less Rls.
nj — sameas for I,
P = number of FD&I outputs which result in isolation to N or less Rls.

Other maintenance parameters that can be predicted using these procedures follow.

D.2.3 Mean maintenance labor hours per repair (MLH/repair).

N
- S A, MLHp
MLH/Repair = nle— (Equation D-6)
> A,
n=I
where:
N = quantity of RI's
A, = failure rate of n'? RI
MLH, = mean maintenance labor hours required to repair the n RI

D.2.3.1 Mean maintenance labor hours required to repair the nth RI.

J
jél A nj MLHnj
MLH, = ] (Equation D-7)
Z )\nJ
1
where:
J = quantity of FD&I results
A ni = failure rate associated with the jt! result for the nth RI
MLHnj = maintenance labor hours required to repair the n" RI given the j" FD&I
result

(Method A and Method B procedures can be used by replacing repair times in the appropriate
method with the maintenance labor hours required for each repair action.)
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D.2.4 Mean maintenance labor hours per maintenance action (MLH/MA).

This calculation is the same as for MLH per repair except that time spent as a result of system
failure false alarms must also be included in the maintenance labor hours.

Two types of false alarms are considered:

1) Type 1 false alarm is detected during normal operations but cannot be repeated during
the fault isolation process.

2) Type 2 false alarm is detected and isolated to an RI when the RI does not have an
actual fault.

N N
S (14 By AyMLHy + 3 F A, MLHD
MLH/MA = 2=l n=1 (Equation D-8)
N N
> (1+F2n))\n + 5 F A,
n=1 n=1
where:
Fq = frequency of occurrence of type 1 false alarms 1/
Fo = frequency of occurrence of type 2 false alarms 1/
1/ is expressed as a fraction of the nth RI failure rate
MLHp = mean maintenance labor hours associated with Type 1 false alarms.
MLH, = mean maintenance labor hours required to repair the nth R
A, = failure rate associated with the j! result for the nth RI

D.2.5 False alarm rates. False alarms are dependent on the system type, operating environment,
maintenance environment, system design and fault detection and isolation implementation.
Therefore, a standard set of false alarm values would be impossible to derive.

D.2.6 Mean maintenance labor hours per operating hour (MLH/OH). MLH/OH includes the
entire labor power that is required to maintain a system; corrective maintenance, preventive
maintenance, and maintenance caused by false alarms.

N N PM

MLH/OH = > (1+ an) )\n' MLHn+ > Fl)\n' MLHD + 3 Fr MLHr (Equation D-9)
n=l1 n=l1 r=1
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where:
A = A, expressed in failures per operating hour

- th ; ;
F, = frequency of ' preventive maintenance
MLN; =  mean maintenance labor hours to perform r'! preventive maintenance type
PM = quantity of unique preventive maintenance types
N = quantity of RI's
i, =  frequency occurrence of type 1 false alarms 1/
F =  frequency of occurrence of type 2 false alarms 1/
MLHp =  mean maintenance labor hours associated with type 1 false alarms
MLH;, = mean maintenance labor hours required to repair the nt RI

1/ expressed as a fraction of the n' RI failure rate.

D.2.7 Mean maintenance labor hours per flicht hour (MLH/FH). MLH/FH is the same as
MLH/OH where A_'= A_ is expressed in failures per flight hour.

D.2.8 Maximum corrective maintenance time for the percentile (M., (®)). Two My (P)

models are provided. The first yields an approximate value and requires that system repair times
be lognormally distributed. The second gives a more accurate value.

D.2.8.1 Approximate M, . (®). Appendix B of MIL-HDBK-472 contains tables of M.

(®) values for selected values of system @, system MTTR (MEAN), and standard deviation of
system repair times (SIGMA). MTTR may be predicted using Method A, and the MTTR
models in paragraph 2.2.1. SIGMA is usually determined from data on similar equipments.
Approximate M. (@) values for values of @, MEAN, and SIGMA not covered in the

Appendix B of MIL-HDBK-472 may be calculated by using the following equation.

Moy (®) = exp [logMTTR + CDSIGMA]

where:
‘q‘ N N
'3 (logR)?~[(3 logR )*/N]
SIGMA = \;‘1:1 ~ 1=11 (Equation D-10)

D.2.8.2 Accurate M, (®). A computerized and a manual means of predicting an accurate
M 1ax (®) are provided in Appendixes C and D, respectively, of MIL-HDBK-472.
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D.3.0 APPLICATION. The application of the early and detailed maintainability prediction
techniques is described in 3.1 and 3.2 respectively.

D.3.1 Method A - early prediction procedure. This section provides a step-by-step procedure
for performing an early prediction of mean time to repair. The tasks involved in performing the
early prediction are:

Define the prediction requirements
Define the replacement concept
Determine the prediction parameters

Select the appropriate models

o a0 oo

Compute the MTTR (or other parameters)
Descriptions of each of these tasks are provided in the following subsections.

D.3.1.1 Prediction requirement definition. This step of the prediction is in some respects the
most important aspect since it establishes a common baseline of understanding the prediction
purpose, approach and scope. During this step, the maintainability parameter(s) to be evaluated
is defined, the prediction ground rules are established, and the maintenance level for which the
prediction is being made is defined.

Parameter definition includes the selection (if required) of the parameter(s) to be evaluated and
the establishment of a qualitative and quantitative definition of each parameter. If the prediction
is being performed in compliance with a customer statement of work defining the parameter to be
analyzed, it must be determined if the stated parameter is consistent with an equivalent
parameter contained in this methodology. If not, the prediction models must be changed
accordingly. As part of the parameter evaluation, it must be determined which elemental
maintenance tasks (e.g., preparation, isolation, etc.) are to be included in the analysis and which
are to be excluded.

The latest aspect of this step is to explicitly define the maintenance level for which the prediction
is being made. Ifthe level is defined in terms of a specific maintenance organization (e.g., direct
support unit, depot, etc.), then the tasks to be performed are readily defined by the maintenance
concept as described in the following section. If the level is defined by operating level or location
(e.g., on-site, flight-line, etc.), then this level must be redefined in terms of the maintenance
organization(s) performing maintenance at the level/location.

D.3.1.2 Replacement concept definition. The maintenance concept must be established, so that
in conjunction with a definition of the prediction requirements (paragraph D.3.1.1), a baseline is
established which defines the prediction to be performed. With respect to the maintainability
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prediction, the primary output of the maintenance concept is the definition of how a repair is
effected and what the replaceable items are.

As part of this process, a complete set of replaceable items is identified. If the maintenance
concept allows for fault isolation to a group of RIs and repair by group replacement, then the RI
groups can be reclassified as Rls if each of the groups is independent of other groups.

D.3.1.3 Determination of the prediction parameters. This step involves:

Defining the RIs

Determining the predicted or estimated failure rate associated with each RI
Defining fault isolation test methodology for each RI

Defining the replacement concept

Defining the packaging philosophy

S oo e o P

Determining the estimated or required fault isolation resolution (i.e., X% to 1 RI or
average RI group size).

Forms similar to those in Figures D-1 and D-2 should be used for the data collection process.
Data are collected on these forms at the level for which predictions are performed. For example,
if a repair time is to be computed for every equipment within a system, then a separate data
collection form should be used for each equipment. Data should be tabulated in the following
manner.

a. First tabulate all the primary Rls and their associated failure rates in the respective
columns of Figure D-1 (V refers to the method).

b. Next describe all methods (V) for performing each elemental activity (m) in Figure D-2.
(Note: some maintenance actions do not include all maintenance elements).

c. Next enter the appropriate number of headings (V) for each elemental activity along
the top of Figure D-1.

d. For each elemental activity (m, v) synthesize times (T, ) using times, selected in
accordance with paragraph 3.2.6, noting them in the respective column of Figure D-2.

e. Next enter the associated failure rate of each RI for the elemental activity that it pertains
to in Figure D-1.
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Item Nomenclature Preparation Fault Isolation Disassembly
RI Description A Qty Ax Qty )\Pln )\PZn c )\VPpn )\Flln )\FIZn ct )\VFIpn )\D]n )\DZn
RI1 /
RIL,
RI;
RIL,
RI,
Total Z A
FIGURE D-1: RI Data Analysis Sheet - A.
MTTR Element (m) v Description of the vt Method va )\mv
(For additional data, see #12 of
bibliography)
ﬁ“-‘l
B o
\m\\ —'_’_I_

FIGURE D-2: RI Data Analysis Sheet - B.

These completed data sheets provide the basis for the early prediction technique. Once they are
complete, the submodels can be applied.

D.3.1.4 General prediction model and submodel selection. The general form of the prediction
model is:

M
MTTR = Tp + Tgp + Tpe + Ty + Ty + T = Zl T, (Equation D-11)
m=
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where:
{"p = Average Preparation Time
T ri =  Average Fault Isolation Time
T’D = Average Disassembly Time
¥I = Average Interchange Time
ER = Average Reassembly Time
T A = Average Alignment Time
¥CO = Average Checkout Time
¥ST = Average Startup Time
Too = TyeT+Tq
%m = Average time of the m™™ element of MTTR

Variations of the model are limited to deleting the time elements for elemental activity terms that
are not necessary to complete certain maintenance actions.

The selection of submodels is dependent on the replacement policy imposed. The appropriate
submodels for computing the average time for the elemental activities and the MTTR submodel
term definitions are given in Figures D-3 and D-4, respectively.

The submodels presented are of a general form and can generally be applied to any equipment
level (i.e., system, subsystem, equipment, etc.). The only limitation being that if the fault
isolation result (§G) or the average number of iterations required to correct a fault (§[) are
computed, the prediction level must be consistent with the RI grouping rules presented in
paragraph 3.1.5.1. Otherwise, the elemental activity submodels are applied at the lowest level
for which an MTTR prediction is desired.

D.3.1.5 MTTR computation. The MTTR is computed at the level at which §G or §[ is

established. For example, if §G0r §I can be estimated for each equipment within a system, then

the lowest level that the MTTR can be predicted is the equipment level. Higher level predictions
of MTTR, such as system level MTTR, can be computed by taking a failure rate weighted
average of the equipment MTTRs within the system.
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T Py time required to prepare a system for fault isolation using the vt method
TFIV time required to isolate a fault using the vt method
TDV time required to perform disassembly using the vi method
TRV time required to perform reassembly using the vt method
TIV time required to interchange an RI using the vt method
Tp time required to align or calibrate an RI using the vt method
v
TCV time required to check a repair using the vt method
TSTV time required to start up a system using the vt method
A Py failure rate of Rls associated with the v method of performing preparation
)\FIV failure rate of RIs associated with the v method of performing fault isolation
A Dy failure rate of Rls associated with the v method of performing disassembly
)\RV failure rate of RIs associated with the vt method of performing reassembly
A Iy failure rate of RIs associated with the vl method of performing interchange
A Ay failure rate of RIs associated with the Vth method of performing alignment
)\CV failure rate of RIs associated with the v method of performing checkout
A failure rate of Rls associated with the yth method of performing set-up
STy
Vp the number of unique ways to perform preparation
VEr the number of unique ways to perform fault isolation
Vp the number of unique ways to perform disassembly
Vgr the number of unique ways to perform reassembly
Vi the number of unique ways to perform interchange
Va the number of unique ways to perform alignment
Ve the number of unique ways to perform check-out
Vgt the number of unique ways to perform start-up
§G the average number of RIs contained in a fault isolation result
§I the average number of interchanges required to correct a fault
A the number of unique accesses (A < Vpy or V)
A the average number of unique accesses required per fault isolation result
A, the failure rate of the Rls that require the ath type of access
A the total system failure rate
TDa the time required to disassemble the ath access
TRa the time required to reassemble the ath access

FIGURE D-4. Definitions of MTTR Submodel Terms.
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Computing repair times below the level at which S(I or G) is established may give an inaccurate
account of repair times. The only exception is when fault isolation is down to a single RI (S5 =

1) for the entire system, equipment . . .), then the MTTR may be computed at any level since
ambiguities between Rls do not exist. Otherwise, the following criteria must be followed:

In order to compute a repair time at a given level, a value for S (I or G) must be established at
that level. After the level at which the repair times will be computed has been selected, the
appropriate models are selected to compute time for each elemental activity at that level with
higher level repair time being computed using a failure rate weighted average.

Values for §G, gl, K, TD' or TR', where required, should be computed as detailed in the

following subsections.

D.3.1.5.1 Method of computing §G and él. Two methods are used for computing the

average number of Rls in a fault isolation result (gG) and the average number of iterations
required to correct a fault (gl). Compute g[ or G Using the specified or design requirements, or

compute §I or G DY assessing the approximate fault isolation capabilities of the system.

D.3.1.5.1.1 Method 1. The first method of computing g{ or §G depends upon how the

fault isolation requirements are specified. In the fault isolation resolution is specified as follows:
X, %tos N;RIs
N;RIs< X, % to< N, RlIs
N, RIss X;%tos N5 RIs

and X, + X, + X5 = 100

then,
< +1D+X DN +N, + 10 DN +N; + 10
s 'H 2 H ™24 SUREl: d
OI'G 100
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If the fault isolation requirements are specified as follows:

Xl % to < N1 RlIs
X2 % to < N2 RIs

100% to < N5 RlIs

where:

X % < X5 % < 100%
then,
+N + 10

Mgl g gt g ngt iy

SIOI'G 100

The predicted MTTR using this method of computing S is based on the assumption that the
specified fault isolation requirements have been (or will be) met. The resulting prediction is the
inherent MTTR that will be realized by achieving the specified requirements. This approach is
valuable during the early stages of equipment development for purposes of allocation and
assessment of the requirements facility. This approach should not be used when data are
available on the actual fault isolation characteristics.

D.3.1.5.1.2 Method 2. The second method of computing 51 or gG involves an

analysis of the fault isolation characteristics of the subject equipment/system as follows:

a. Prepare a simple block diagram depicting the system and how each major function is
related (i.e., show functional interfaces).

b. Group the functions (RIs) into "G" RI sets such that:
* an estimate of the fault isolation (number of RIs) can be determined for each RI set
» ceach Rl set is independent of any other RI set
 each RI set established is the smallest set that can be established

c. For each RI set (g) estimate the average fault isolation resolution or the average number of
RIs per fault isolation result depending on the replacement philosophy in question ( S(I) g

if iterative replacement, S(G) g if group replacement).
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d. Compute the average g{, or gG for the system or equipment using a failure rate weighted

model.
G
o IS
Sjor Sg = g_é (Equation D-12)
S A
g=1 ©

For repair times computed at lower levels, the overall S does not have to be computed.

D.3.1.5.2 Computation of A, TD' and TR" The average number of accesses

(disassemblies and reassemblies) required per fault isolation result (K) can be computed as
follows.

G
2 . Ay
A= gG— (Equation D-13)
2 Mo
g=1
and,
s, O
Ay Ag [ ()\g—)\ga)gm
A=5 P =5 0O- [
g a=l &l a=1 U A g 0
= =
where:
Kg = average number of accesses required per fault isolation result in g RI set, ("G"
RI sets established the same way as was done for S)
Pga = the probability that the ah access will be required for any random fault isolation
result
A g = the number of unique accesses in the g RI set
A g = the failure rate of the RIs located in the gth RI set
A ga = failure rate of the RIs located in ath access location of g RI set
gg = average number of Rls per fault isolation result for the gh RI set
G = total number of RI sets
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The computation of TD' and TR' is exactly like the method used for A with one modification.

Each probability is multiplied by its appropriate disassembly or reassembly time. The equation
for Tp" or T" is:

G
_ él)\gTDg
Ty' = gG— (Equation D-14)
2 Mg
g=1
and,
G
Yy A, Tg.'
— ., g g Rg
R G
2 Mg
g=1
where:
O s O
T o ()‘g_)\ga) =
Ty ' = a- O0Tp (Equation D-15)
- A
g a=1 U g O ga
= =

The same equation also holds true for reassembly, (TR ")
g

where:
Tp = the disassembly time for the ath access of the g RI set.
ga
T = the reassembly time for the ath access of the g™ RI set.
ga

Note here also that if the RIs are grouped into just one set instead of G sets, then all the

nn

subscripts "g" will fall-out and the failure rate weighting of the gth RI sets is not necessary.
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D.3.1.5.3 Determination of MTTR. The MTTR can now be computed by summing up
the average times computed from each submodel. Thus, the MTTR is expressed as

<

MTTR = § T_ (Equation D-16)

m=1

If the repair time computed is for a lower level, then the higher level repair times are computed as
follows:

B
> AMTTR
MTTR = =l
B
> Ay
b=1
where:
MTTR = mean repair time of the bth lower level
A b = failure rate of the bt lower level
B = quantity of lower level breakdowns.

D.3.2 Method B - Detailed prediction procedure. This section provides a step by step
procedure for performing a detailed prediction of mean time to repair (MTTR). The tasks
involved in performing the prediction are:

Define the prediction requirements

Define the replacement concept

Identify the fault detection and isolation outputs (FD&I outputs)
Correlate the FD&I outputs and hardware features

Correlate replaceable items and fault detection and isolation outputs
Prepare a maintenance flow diagram

Prepare time line analyses

@ o a0 o

Compute the maintainability parameters
Descriptions of each of the tasks are provided in the following subsections.

D.3.2.1 Prediction requirements definition. This step is similar to that required for an early
prediction; refer to paragraph 3.1.1.
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D.3.2.2 Replacement concept definition. This step is similar to that required for an early
prediction; refer to paragraph 3.1.2.

D.3.2.3 Fault detection and isolation output identification. This step involves the identification
of all the "outputs" which are used in the fault detection and isolation process. Normally, the
fault detection and isolation processes are segregated. However, for purposes of maintainability
prediction, the fault detection methodology is considered as the first step of fault isolation and is
properly included as part of the isolation capability. Any time associated with fault detection
(e.g., mean fault detection time) is normally excluded from the prediction model, but can be
included if desired.

The term fault detection and isolation outputs is defined as those indications, symptoms,
printouts, readouts, or the results of manual procedures which separately or in combination,
identify to the maintenance technician the procedure to be followed.

FD&I outputs will vary in form, format, complexity and data content from system to system
and some will be more obvious than others. The maintenance actions taken in response to these
outputs may depend upon the system maintenance environment and the system operating
criticality. It is important, therefore, not only to identify the FD&I outputs but also to ensure
that the FD&I outputs identified are the ones that will be used in the intended maintenance
environment.

Some of the more common generic FD&I outputs are:

Indicator or annunciator
Diagnostic or BIT output

Meter readings

Circuit breaker and fuse indicators
Display presentation

Alarms

Improper system operation

B @ o Ao o

Improper system response

—

System operating alerts

To apply the prediction methodology presented herein, the predictor should first identify all
primary unique outputs upon which the maintenance technician relies to make decisions on the
repair methodology (e.g., perform adjustment, replace RI, proceed to a different method of fault
isolation, etc.). Secondary outputs should then be identified for those cases where the primary
output yielded a result which did not correct the problem and further isolation is required.
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D.3.2.4 FD&I outputs and hardware correlation. The key to this prediction procedure, and by
far the most demanding of the prediction tasks, is the establishment of a correlation between the
FD&I outputs (See paragraph 3.2.7) and the hardware for which the prediction is being made.
This step demands a thorough understanding of the system hardware, software, monitoring and
diagnostic capabilities, and of the FD&I features inherent to the system. FD&I features are those
hardware and software elements, or combinations thereof, which generate or cause to be generated
each FD&I output.

This task can be accomplished either from the top down or bottom up. The top down approach
involves a fault tree technique where the top of the tree is each unique FD&I output; the next tier
identifies the FD&I feature(s) which can yield the subject output; and, the bottom tier identifies
the RIs or partial RIs which upon failure would be detected or isolated by the subject FD&I
feature. The bottom up approach involves identification of all the circuitry in terms of Rls
associated with each FD&I feature, and the analysis of how a failure of each RI presents itself in
terms of an FD&I output.

Either approach requires the same five steps to be performed:

Identify all FD&I features

Identify the circuitry associated with each feature

Identify the FD&I sequencing

Establish the RI failure rate associated with each FD&I feature
Correlate the FD&I features with the FD&I outputs

o a0 oo

FD&I features are those hardware and software elements, or combinations thereof, which
generate or cause to be generated each FD&I output. Typical features include diagnostic program
routines, BIT routines, BITE, performance monitoring programs, status monitors, and test
points.

After the FD&I features are identified, the circuit schematics are analyzed to identify the
components tested or verified by each feature. The outputs of this analysis are then translated
into a matrix as shown in Figure D-5. The matrix identifies, for each FD&I feature, the Rls and
components which are tested by that feature. Also included in the matrix is an identifier which
defines the order in which the FD&I features are utilized during the isolation process.
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FIGURE D-5. Matrix for Correlating FD&I Features with Rls.

The matrix is used to identify the failure rate of each RI associated with each FD&I feature. The
first FD&I feature is examined and the failure rate of each component associated with that feature
is entered in the matrix under that feature. The second feature is then examined, etc. If a
component is tested by more than one feature, the failure rate is assigned to the first feature
which would result in a positive failure indication. If different tests of the same component
check different failure modes, then the failure rate is apportioned to each feature based on the
relative occurrence of each failure mode. The failure rates for the components under each RI in
each FD&I feature column are summed and entered as the failure rate for the RI checked by that
particular feature. This assumes the feature either checks a single RI or can check multiple Rls
by some sequencing scheme. Components not included under any FD&I features represent
failures not isolated with the FD&I features. The failure rates of the failures not isolated by the
FD&I features are noted in the manual isolation failure rate column of the matrix to complete the
accounting of the total equipment failure rate. All manual isolation cases must be accounted for.

In those cases where the n'h failure rate is known to result in several FD&I outputs, but the
allocated failure rates are not known, the rationale for the assumed allocation of the failure rates
shall be stated.

The next step in the correlation process is to associate the FD&I features with the FD&I
outputs. This is accomplished using a fault tree type diagram such as the sample shown in
Figures D-6 & D-7. The top of the tree consists of all FD&I outputs; the second tier contains
the FD&I features which separately or jointly result in the given FD&I output; and, the bottom
tier presents the Rls associated with each FD&I feature and the failure rate associated with that
feature. The circles are used to assign numbers to all unique FD&I outputs. The triangles
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identify the order in which Rls are replaced when the replacement concept calls for iterative
replacement.

ST (D i
INDICATOR
POWER UP SEQUENCE 3
ROUTINE TESTS
ANTENNA ANTENHA
POWER SUPFLY POSITION AND DRIFT 4ND
CHECKS RATES ROLL RATES
RINomenclature
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A= 9760 :‘\-nj for A= 15237 A= 0563
Figure D8
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FIGURE D-6. Fault Isolation Output and RI Correlation Tree.
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FIGURE D-7. Manual Fault Isolation Output and RI Correlation Tree (Partial).
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D.3.2.5 Prepare maintenance flow diagrams. Next a maintenance flow diagram (MFD) is
prepared to establish the an values for insertion in the Maintenance Correlation Matrix (Figure

D-10). The MFD is prepared to illustrate the sequence of maintenance required. The symbols
used in the MFD are shown in Table D-III.

TABLE D-III. Symbols Used in the MFD.

O Starting Point. (i.e., Failure Occurs and is Detected) or Ending
Point

Activity Block. The top of the block indicates a specific
maintenance activity and the bottom indicates the time
associated with that activity. This is the only symbol that
denotes time.

O FD&I Outputs. Designates the primary or secondary unique

FD&I output which defines the subsequent maintenance
( ] activity to be performed. The "j" associated with the output
is entered in the circle.

Decision Point. Defines a point in the maintenance flow at
which time the maintenance technician must make a decision

on which subsequent path to take.

Path Identifier. Uniquely identifies each path by unique RI(n)
and FD&I output (j).

Continuation. Designates continuation from or to another
place in the maintenance flow diagram.

The MFD (as illustrated in Figure D-8) starts on the left side of the figures as a "Failure Occurs
and is Detected" event. If isolation is inherent in fault detection, the next item shown in the
MEFD is the unique FD&I outputs. If isolation is not inherent in detection, the next item in the
MFD is the fault detection output. This would be followed by activity blocks which define the
procedure followed to achieve fault isolation. The activity block(s) is followed by the unique
primary FD&I outputs associated with the maintenance actions that have been executed.

Following the FD&I output symbols are shown the activities required for fault correction and
repair verification.
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FIGURE D-8. Sample Maintenance Flow Diagram.
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If an FD&I output results in non-ambiguous maintenance (i.e., primary isolation to a single RI, or
group RI replacement), then an "End" symbol will directly follow the fault correction and
verification activities. If an FD&I output results in an ambiguous result, a verification decision
block is shown after each verification activity (except the last). Any activity (e.g., clean-up)
performed after a positive verification decision is shown in an activity block(s) between the
decision block and the End symbol. Associated with each End symbol is a path identifier which
uniquely identifies each path by RI and FD&I output. For example, the path associated with the
second RI and FD&I Output #12 would be designated as 2, 12.

Care must be exercised to ensure that all possible maintenance actions that could be followed as a
result of an FD&I output observation have been accounted for, especially those that result in
Manual Fault Isolation.

The an values are computed by adding the times associated with each activity block from the

"Failure Occurs and is Detected" event to the "end" event for the subject (n, j) pair. Note that
only the activity blocks have time associated with them. The time entered in the individual
activity blocks is computed from a time line analysis prepared in accordance with paragraph
3.2.6. Elemental times entered in the time line analysis are extracted from the following sources
in the order given:

Actual times experienced on the subject equipment
Standard times from Tables D-IV and D-V (see Section 4)
Actual times experienced on similar equipment

Other recognized time sources

Engineering judgment

o a0 o

In the establishment of the time line analysis, the number of maintainers must be considered. For
example, if a given equipment has two technicians performing maintenance, one technician may
perform disassembly to achieve access to the faulty RI while the second technician
simultaneously performs other work. In the maintenance flow diagram, this would show as a
single maintenance activity with the associated time being the elapsed clock time. If the

parameter of interest was MLH/OH, instead of MTTR, then the time entered in the activity
block would be the combined MLH in lieu of the elapsed time.

D.3.2.6 Time line analysis. The estimated times used in the two prediction methodologies are
synthesized using a time line analysis method. A time line analysis consists of computing the
total elapsed time of a maintenance action by accounting for the time required to perform each
step. The procedure for performing a time line analysis is as follows:

a. Identify each task that comprises the maintenance action

b. Determine the time required to perform each task by either actual times, maintenance
time standards, time studies, or engineering judgment

D-27



MIL-HDBK-470A
APPENDIX D

c. Determine which actions can be done simultaneously if more than one maintainer is
available

d. Determine the overall time to perform the maintenance action by summing up the times
to perform each action

Figure D-9 is an example of how to synthesize time for a simple physical task. The time
associated with each task is extracted from column 3, 4, or 5 of Table D-IV.

RI Name: Module T/R Element Maintenance Action: Interchange
Description of the Elemental Tasks Time/Action Qty Total Time
Remove Quick Release Coax 0.04 4 0.16
Remove Slide Lock Connector 0.09 1 0.09
Remove Module 0.09 | 0.09
Replace Module 0.11 1 0.11
Replace Slide Lock Connector 0.12 1 0.12
Replace Quick Release Coax 0.04 4 0.16
Total Time 0.73

FIGURE D-9. Example Time Synthesis Analysis.

D.3.2.7 Rl and FD&I output correlation. The results of the preceding section are summarized in
a matrix which shows the relationship among the Rls for which the prediction is being performed
and the total set of FD&I outputs. The matrix (Figure D-10) identifies the RIs across the top
and the unique FD&I Outputs down the left column. In reference to the math models (refer to

paragraph 2.2) the RIs are the "n" parameters and the FD&I outputs are the "j" parameters. Each
RI column is further divided into three columns: an, A nj’ and R nj

Under each RI column, enter the failure rate ()\nj) of the RI (obtained from the FD&I correlation

tree) (See Figure D-6) that is associated with each FD&I output. For each unique output which
has only one RI associated with it, enter a 1 in the an column for that combination. For those

outputs which are associated with 2 or more Rls, the Q nj value is determined by the replacement
concept. If the replacement concept is group RI replacement, enter under an the number of Rls

associated with each output. For example, if three RIs could contribute to the same FD&I
output, then a 3 is entered in the an for each of those RIs. If the replacement concept is

iterative replacement, then an is assigned based on the order of replacement. That is, the first
RI to be replaced upon recognition of the subject FD&I output is designated an = 1, the second
an =2 and so forth. In cases of iterative replacement, the values for each an is based on the

relative failure rates of the Rls, with the highest failure rate RI assigned as the first replacement
item.
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FIGURE D-10. Maintenance Correlation Matrix Format.

D.3.2.8 Compute maintainability parameters. Once the MFD and Maintenance Correlation
Matrix have been completed, compute the maintainability parameter(s) using the equations in
Section 2 of this appendix.

D.4.0 TIME STANDARDS

The time standards are tabulated in Table D-IV. The times tabulated in Table D-IV have
corresponding figures referenced which illustrate what each time represents. Table D-V contains
composite times of common maintenance actions that may occur. Columns two and four of
Table D-V denote which times of Table D-IV were used to synthesize each activity (letters
denote removal (A) and replaceable (B) times).

It should be noted that the standard times given are ideals. In actual practice, the task times will
probably be longer due to environmental conditions, the need for gloves or other protective
clothing that may interfere with performing certain tasks, and less than ideal access. For this
reason, as stated in D.3.2.5, elemental times should be extracted from the following sources in the
order given:

a. Actual times experienced on the subject equipment
b. Standard times from Tables D-IV and D-V

c. Actual times experienced on similar equipment

d. Other recognized time sources

e. Engineering judgment

D.4.1 Maintenance task synthesis. Other maintenance tasks can easily be synthesized by the
following method (for an example, see Figure D-9, in paragraph D.3.2.6).

a. List the actions involved for the maintenance task.

b. Obtain the times for each action by using Table D-IV (times that are not listed should
be established either by actual data, time studies, or engineering judgment).

c. Compute the time by summing up each individual time.
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TABLE D-IV. Elemental Maintenance Actions.

Time Standard Times
Standard Description Remove Replace Interchange Reference
Number (min.) (min.) (min.) Figure
FASTENERS
1 Standard Screws 0.16 0.26 0.42 D-11
2 Hex or Allen Type Screws 0.17 0.43 0.60 D-12
3 Captive Screws 0.15 0.20 0.35 D-13
4 DZUS (1/4 Turnlock) 0.08 0.05 0.13 D-14
5 Tridair Fasteners 0.06 0.06 0.12 D-15
6 Thumbscrews 0.06 0.08 0.14 D-16
7 Machine Screws 0.21 0.46 0.67 D-17
8 Nuts or Bolts 0.34 0.44 0.78 D-18
9 Retaining Rings NA 0.27 NA D-19
LATCHES
10 Drawhook 0.03 0.03 0.06 D-20
11 Spring Clip 0.04 0.03 0.07 D-21
12 Butterfly 0.05 0.05 0.10 D-22
13 ATR (spring loaded, pair) 0.45 0.69 1.14 D-23
14 Lift & Turn 0.03 0.04 0.07 D-24
15 Slide Lock NA NA NA D-25
TERMINAL CONNECTIONS
16 Terminal Posts (per lead) 0.22 0.64 D-26
17 Screw Terminals 0.23 0.45 0.68 D-27
18 Termipoint 0.22 0.30 D-28
19 Wirewrap 0.09 0.24 D-29
20 Taperpin 0.07 0.07 0.14 D-30
21 PCB  (a) Discretes 0.14 0.17 D-31
22 (b) Flatpacks 0.14 per 0.13 per D-31
lead flatpack
(c) DIP ICs
23 * 8 pin 0.46 0.52 D-31
24 * 14 & 16 pin 0.90 0.86 D-31
CONNECTORS
25 BNC (single pin) 0.07 0.10 10. 17 D-32
26 BNC (multipin) 0.07 0.12 0.19 D-32
27 Quick Release Coax 0.04 0. 04 0.08 D-33
28 Friction Locking NA NA NA D-34
29 Friction Locking with one Jack 0.18 0.20 0.38 D-35
Screw
30 Thread Locking 0.09 0.17 0.26 D-36
31 Slide Locking 0.09 0.12 0.21 D-37
PLUG IN MODULES
32 DIP ICs (into DIP sockets) 0.07 0.14 0.21 D-38
CCAs (without tool) (guided)
* 40 pin NA NA NA D-39
33 * 80 pin 0.04 0.07 0. 11 D-39
C CA s (with tool) (guided)
34 * 40 pin 0.06 0.07 0.13 D-40
35 * 80 pin 0.09 0.08 0.17 D-40
CCAs (without tool) (not guided)
* 40 pin NA NA NA D-41
36 * 80 pin 0.04 0.16 0.20 D-41
37 Modules 0.09 0.11 0.20 D-42
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Time Standard Times
Standard Description Remove Replace Interchange Reference
Number (min.) (min.) (min.) Figure
MISCELLANEOUS
38 Strip Wire - - 0.10 -
39 Cut Wire of Sleeving - - 0.04 -
40 Dress Wire with Sleeving - - 0.21 -
41 Crimp Lugs - - 0.27 D-43
42 Form Leads (per lead) - - 0.03 D-44
43 Trim Leads (per lead) - - 0.03 -
44 Adhesives 0.55 0.13 0.68 -
45 Conformal Coating 2.20 0.23 2.43 -
46 Soldering (a) Terminal Post - - 0.22 D-45
47 (b) PCB - - 0.06 D-46
48 Reflow Soldering - - 0.25 -
49 Tinning Flatpacks (dipping) - - 0.30 -
50 Desoldering (a) Braided Wick - - 0.16 D-47
51 (b) Solder Sucker - - 0.09 D-48
52 Form Flatpack Leads - - 0.11 D-49
(Mechanically)
53 Clean Surface - - 0.29 -
54 Panels, Doors & Covers 0.04 0.03 0.07 D-50
55 Drawers (Large) 0.09 0.10 0.19 D-51
56 Display Lamps 0.10 0.11 0.21 D-52
57 Threaded Connector Covers 0.11 0.14 0.25 -

NOTE: Data obtained from RADC-TR-70-89, Maintainability Prediction and Demonstration Techniques

TABLE D-V. Common Maintenance Tasks.

Elements of Remove Elements of Replace | Interchange
Description Removal* (min.) Replacement* (min.) (min.)

1. R/R of transistor from a 50(3), 21A(3), 53 1.19 [ 42(3), 21B(3), 47(3), 1.16 2.35
PCB 43(3), 53

2. R/R of atransistor from 50(3), 16A(3), 53 1.43 [42(3), 16B(3), 43(3), 3.05 4.48
terminal posts 46(3), 53

3. R/R of an axial component |50(2), 21A(2), 53 0.89 142(2), 21B(2), 47(2), 0.87 1.76
from a PCB 43(2), 53

4. R/R of an axial component [ 50(2), 16A(2), 53 1.05 |142(2), 16B(2), 43(2), 1.69 2.74
from terminal posts 46(2), 53

5. R/R of aradial component |50(2), 21A(2), 53 0.89 | 21B(2), 43(2), 47(2), 53 0.81 1.70
from a PCB

6. R/R of aradial component |50(2), 16A(2), 53 1.05 [ 42(2), 16B(2), 43(2), 1.69 2.74
from terminal posts 46(2), 53

7. R/R of a terminal point 18A 0.22 139, 20B 0.34 0.56
connection

8. R/R of a wirewrap 19A 0.09 |39, 38, 19B 0.38 0.47
connection

9. R/Rofa 16 pinIC from a 50(16), 24A, 53 3.75 | 24B, 47(16), 43(16), 53 2.59 6.34
PCB

10. R/R of a 16 pin flatpack 50(16), 22A(16), 53 5.09 [49, 52, 22B, 48, 53 1.08 6.17

11. R/R an 8 pin IC from a PCB| 50(8), 23A, 53 2.03 | 23B, 47(8), 43(8), 53 1.53 3.56

* Numbers in these columns pertain to the time standard numbers in Table D-IV. A and B refer to removal and replacement
times respectively. The number in parentheses refers to the quantity of each action. R/R = removal and replacement.
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Standard Screws

» This time is for all standard threaded fasteners such as; slotted head, Phillips head, and
fillister head

* The time given is the time required to remove/replace the fastener from the hole and
disengage/or engage it by several twisting motions of the hand (approximately 8 twists)

* Tool required is standard screwdriver (flat head, Phillips, or hex)

@q> D

FIGURE D-11. Standard Screws.

Hex or Allen Set Screws

» This time is for hex or Allen type set screws

» The time given is for the time to tighten/or loosen a hexagonal type
set screw using an Allen type wrench

* Tools required are hex wrenches or Allen type wrenches

FIGURE D-12. Hex or Allen Set Screws.

Captive Screws

» This time is for standard fasteners that are captive to the
panel/bracket they secure

* The time given for this action includes the time to engage/or
disengage the fastener by a series of twisting motions with the hand

* The tool required is a standard screwdriver (flathead, Phillips or
hex)

FIGURE D-13. Captive Screws.
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rd
DZUS Fastener
» This time is for fasteners that require only a 1/4 turn to
engage or disengage (fastener is captive) oo \
* The time given is the time required to engage or disengage @
the fastener by a 1/4 twist motion of the hand

* The tool required is a standard screwdriver (flathead, / \

Phillips or hex)

FIGURE D-14. DZUS Fasteners.

Tridair Fastener

» This fastener is a quick engaging fastener that requires
less than one turn

* This time includes the time necessary to engage/or
disengage the fastener using a turn of the hand

* The tool required is an Allen wrench

FIGURE D-15. Tridair Fastener.

Thumbscrews %

» This fastener is a threaded screw with a head that can be
grasped easily by the hand

» This time includes the time necessary to disengage/or
engage the fastener by turning it with the hand

* No tools required

FIGURE D-16. Thumbscrews.
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Machine Screws (with nut)
» This fastener is any threaded fastener that does not tap into the structure; instead it
engages into a loose nut

» This time includes the time to remove/or position the fastener and nut and the time
required to tighten the fastener
* Tools required are a screwdriver and a wrench

S
8

FIGURE D-17. Machine Screws.

Nuts or Bolts
* Any fastener that requires a wrench to tighten it down

* This time includes the time necessary to position the wrench and engage/or disengage the
fastener

[

4 7%

FIGURE D-18. Nuts or Bolts.
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Retaining Rings

» This device is a "U" shaped piece of metal that retains a
unit/component in position

* The time given includes the time necessary to engage/or
disengage this fastener

* Special pliers are required to remove/replace this fastener

FIGURE D-19. Retaining Rings.

Drawhook Latch

* Any latch that is similar to the one shown here

* The time includes the time to engage/disengage the latch
completely

* No tools required

FIGURE D-20. Drawhook Latch.

Spring Clip Catch

* Any latch similar to the one shown here

» Time includes the time necessary to engage/or disengage
the latch completely

* No tools required

FIGURE D-21. Spring Clip Catch.
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Butterfly Latch

* Any latch similar to the one shown here

* Time includes the time necessary to engage/or disengage
the latch completely. Normally consists of the time to
lift the tab and turn it 90°

* No tools required

FIGURE D-22. Butterfly Latch.

ATR Latch

* Any latch similar to the one shown here

* Time includes the time necessary to unscrew/or screw
the cap over the nib to engage/or disengage the secured
unit. The time given is for a pair of ATR latches.

* No tools required

FIGURE D-23. ATR Latch.

Lift and Turn Latch ‘\
* Any latch similar to the one shown here =

* Time includes the time necessary to lift the handle and
turn it to unsecure or secure a door or panel , 1
* No tools required

%

FIGURE D-24. Lift and Turn Latch.
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Slide Lock Latch

* Any latch similar to the one shown here

* The time given is the time necessary to slide the locking
device to engage/or disengage the panel . -

» No tools required 'ﬁ
4
|

FIGURE D-25. Slide Lock Latch.

Terminal Posts

* Any terminal connection similar to the ones shown here

» This time is the time required to remove or replace a lead
from a terminal (does not include soldering or
desoldering)

* Needle nose pliers are required for this task

FIGURE D-26. Terminal Post Connections.

Screw Terminals

* Any terminal connection similar to the one shown here

* This time is the time required to remove/or position the
terminal lug and loosen/or tighten the screw

* A screwdriver is required

FIGURE D-27. Screw Terminal Connections.
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Termipoint Connections , @

Any terminal connection similar to the one shown here
This time is the time required to remove the clip with a
pick or tweezers and the time to replace the clip with a
termipoint gun

Tools required are tweezers, or a pick, and a termipoint v
gun

FIGURE D-28. Termipoint Connection.

Wirewrap

* Any terminal connection similar to the one shown here

* The time given are to replace the wirewrap with a
wirewrap gun and to remove the connection with an
unwrapping tool

Tools required are a wirewrap gun and an unwrapping
tool

FIGURE D-29. Wirewrap Connection.

Taperpin

L]

Any terminal connection similar to the one shown
here

The time given is the time required to unplug mate or
demate the connector

No tool required

FIGURE D-30. Taperpin Connection.
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PCB

Any terminal connected directly to the printed circuitry of a circuit card

The time given is the time required to remove or replace a lead from the PCB (no soldering
or desoldering time included)

The tools required are a pick or needlenose pliers

FIGURE D-31. PCB Connections.

BNC Connectors

twisting motion
No tool required

Any connector that has a bayonet-locking device
Times given are for mating/demating the connectors by a
q p

FIGURE D-32. BNC Connectors.

Quick Release Coax Connectors

Any coax connector that engages or disengages by a push %%
or pull motion

Times given are for demating/mating the connectors by a

pulling or pushing motion ()
No tool required

FIGURE D-33. Quick Release Coax Connectors.
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¢
Friction Locking Connectors Z4))

* Any connector that is mated and secured by the friction 7

of the pins and/or connector case

* The time given is the time necessary to mate or demate %
these connector types

* No tool required

FIGURE D-34. Friction Locking Connector.

Friction Locking Connector with Jackscrew

* Any friction locking connector that is secured by a
jackscrew

* The time given is the time necessary to demate/mate the
connector by disengaging/engaging the jackscrew

* No tool required

FIGURE D-35. Friction Locking Connector with Jackscrew.

Thread Locking Connector
* Any connector that is secured by a threaded connector

shell

* The time given is for the demating/mating of the
connector and the securing/unsecuring of it by a turning
motion

* No tools required

FIGURE D-36. Threadlocking Connector.
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Slide Locking Connector

* Any connector that is secured by a slide lock

* The time given is the time required to mate/demate the
connector and engage/disengage the slide lock

* No tools required

FIGURE D-37. Slide Locking Connector.

DIP ICs
* This includes any dip IC that is secured in a dip socket

. .. . . . U
* The time given is the time required to unplug or plug in I

No tools required

FIGURE D-38. Dip ICs.

Guided CCAs
* Any guided CCA that is inserted/removed by hand

* The time given is the time to pull out or push in the
CCA
* No tools required

FIGURE D-39. Guided CCAs.
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Guided CCAs with a Tool

* This time is associated with any CCA that is
inserted/removed with a card extracting tool

* The time includes the time required to position the tool
and remove/replace the CCA

* A card extracting tool is required

FIGURE D-40. Guided CCAs with a Tool.

Non-guided CCAs

» This time is associated with plug-in cards that are not
guided

* The time includes the time required to remove/replace the
CCA from the edge connector (does not include time for
fasteners)

* No tools required

FIGURE D-41. Non-guided CCAs.

Modules

» This is the time associated with removing or positioning
a modular assembly

* The time is the time necessary to remove the module or
position it in place

* No tools required

FIGURE D-42. Modules.
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Crimp Lugs p

This is the time associated with securing a terminal lug to \\‘
a wire )
The time given includes the time to position the wire in
the lug and crimp it

A crimping tool is required

FIGURE D-43. Crimp Lugs.

Form Leads

This is the time associated with forming a lead on a

component prior to connecting it to a terminal

The time given is the time necessary to grasp the lead

with the pliers and form it

Needle nose pliers are required \

FIGURE D-44. Form Leads.

Soldering Terminal Posts

The time associated with soldering a lead to a terminal %
post /
The time given is the time to heat the terminal post and %

apply the solder

A soldering iron is required

FIGURE D-45. Soldering Terminal Posts.

Soldering PCB Connections

The time associated with soldering a lead to a PCB
etching

The time given is the time to heat the etching pad and
apply the solder

A soldering iron is required

FIGURE D-46. Soldering PCB Connections.
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Desoldering using a Braided Wick
* The time associated with desoldering a connection using
a braided copper wick

* The time given is the time to reheat the solder and extract ‘-
it from the PCB or terminal using a braided copper wick
* A soldering iron and braided copper wick are required

FIGURE D-47. Desoldering with a Braided Wick.

Desoldering using a Vacuum A

* The time associated with desoldering a connection using
a vacuum assisted desoldering iron

* The time given is the time required to reheat and "suck-
up" the solder

* A desoldering iron is required

A

FIGURE D-48. Desoldering Using a Vacuum.

Form Flat Pack Leads
* The time associated with forming flatpack leads using a —

mechanically operated die el
* The time given is the time required to position the o
flatpack and actuate the mechanism

* A mechanically operated device is used to do this %

FIGURE D-49. Form Flat Pack Leads.
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Panels, Doors, and Covers
* The time associated with open/closing panels, doors and covers
* No tools required

FIGURE D-50. Panels, Doors and Covers.

Drawers

» The time associated with opening/closing of drawers that
are on a track

* No tools required

FIGURE D-51. Drawers.

Display Lamps

* The time required to remove/replace panel indicators that
pop in and out

* No tools required

FIGURE D-52. Display Lamps.
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PHASING OF MAINTAINABILITY ELEMENTS

Scope. This Appendix is an essential part of MIL-HDBK-470A. The information contained
herein is intended for reference only. This Appendix is for guidance only and cannot be cited as a
requirement. If it is, the contractor does not have to comply.

E.1.0 Product Life Cycle

A product goes through several phases during its life cycle. The number, title, and definitions of
the phases vary slightly between the military and commercial communities, and even among
commercial companies, but are similar. The life cycle acquisition phases defined by DoD
Regulation 5000.2-R are:

e Phase 0 Concept Exploration

e Phasel - Program Definition and Risk Reduction

* Phasell Engineering and Manufacturing Development (EMD)
e Phase Il

Production, Fielding/Deployment, and Operational Support

DoD 5000.2-R does recognize that it is necessary to demilitarize and dispose of a product’ at the
end of its useful life. Although not designated as an acquisition phase, the period of time over
which demilitarization and disposal occurs could be considered the Phase-out and Retirement
phase of a product's life cycle.

Each phase has specific objectives and the activities conducted during the phase must support
these objectives. Milestone decision points mark the beginning and end of the acquisition
phases. The milestone decision points are:

* Milestone 0 - Approval to Conduct Concept Studies (beginning of phase 0)

* Milestone I - Approval to Begin a New Acquisition Program (end of Phase 0,
beginning of Phase I)

* Milestone II - Approval to Enter EMD (end of Phase I, beginning of Phase II)

* Milestone III - Production or Deployment Approval (end of Phase 11, beginning
of Phase III)

For some products, a phase may be "abbreviated" or even "skipped." For example, the R&D
phase for a new product that is simply an updated or moderately improved version of an older,
mature product will likely be very short, concentrating only on the differences between the two.

! DoD Directive 5000.1 and DoD Regulation 5000.2-R use the term "system", not product. Recall, however, that
within this handbook, the general term "product" will be used to mean system, equipment, or item. It could be a
vehicle, a transmission, or an engine, whatever is being developed under the acquisition program.
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Figure E-1 shows the life cycle phases, milestone decision points, the objectives of each phase,
and a summary of the activities associated with each phase.

I NP T Y ma.c-o

ACQUISITION PHASES

[ 0
Concept
Exploration

1. Define and
evaluate the
feasibility of
alternative concepts
to meet deficiencies

2. Provide the basis
for assessing
relative merits of

I
Program Definition
and Risk Reduction

1. Define program as

one or more concepts

2. Pursue design
approaches and
parallel technologies

17 11

Engineering and
Manufacturing
Development

1. Translate most
promising design
approach into stable,
producible, supportable,
and cost effective design

2. Validate
manufacturing and
production processes

[ 111

Production,
Fielding/Deployment,
and Operational
Support

1. Produce and
manufacture the
product

2. Deploy the
product

3. Operate and
maintain the

alternative concepts product
at next decision 3. Demonstrate product
milestone capabilities through
testing
1. Validate 1. Conduct 1. Achieve design Manufacturing
A assessment of need  prototyping, stability Use of the product
¢ demonstrations, and in the intended
t | 2. Conduct concept | |early operational 2. Verify adequate environment,
K i studies assessments to reduce resources have been scheduled and
e Vv risk programmed for unscheduled
y i | 3. Develop product production, maintenance,
t requirements in 2. Update product deployment, and improvements
i | terms of requirements support through updates
e | effectiveness and and modifications,
s = performance 3. Identify 3. Conduct IOT&E performance
measures accomplishments to be tracking

completed in Phase 2

| |

A A A A
Milestone 0 Milestone I Milestone 11 Milestone 111
Decision Point Decision Point Decision Point Decision Point

MILESTONE DECISION POINTS

FIGURE E-1. Life Cycle Phases of a Product.

The product will be kept in service, sometimes beyond the original intended service life through
life extension efforts. Eventually, it will be necessary to retire and dispose of the product.
Removal of a product from service can entail the disposal of toxic materials, recovery of precious
metals, and recycling.
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E.2.0 Maintainability Activities by Life Cycle Phase.

The maintainability activities conducted during each of the life cycle phases of a product must be
consistent with and support the overall objectives for the phases. In the following discussion,
maintainability activities will be discussed in the context of the phase(s) in which they are most
applicable. It is not practical to try and address all possible types of products, so the discussion
assumes that a major product, such as an aircraft, tank, turbine engine, or similar item, is being
developed. It should be obvious that the level of effort and types and scope of activities that
would be necessary for a portable, man-carried receiver/transmitter will not be the same as for a
new tactical fighter or main battle tank. Figure E-2 summarizes the discussion.

E.2.1 Phase 0 - Concept Exploration. During the concept exploration phase, the
maintainability activities are necessarily intended to prepare for Phase I. The maintainability
program plan may be started in which the goals and objectives for the new product are broadly
stated. Some analysis may be made of prior similar products to help establish ranges of realistic
maintainability goals. Very general modeling may be used to complement the analysis in deriving
ranges of maintainability goals. Also, new approaches and technologies related to maintainability
design, analysis, and validation can be identified during this phase.

E.2.2 Phase I - Program Definition and Risk Reduction. For the alternative concepts that
are carried into this phase, the maintainability effort becomes more intense and focused.
Additional detail is added to the maintainability program plan. Additional analysis is required to
begin developing better defined maintainability requirements for the next phase of acquisition.
Maintainability engineers should be participating in and supporting trade studies in which the
various alternatives are compared, different design approaches are evaluated, and overall system
requirements are harmonized”. Some program and design reviews are usually held during this
phase, and the issue of maintainability must be considered during these reviews. The emphasis
during these early reviews will be to choose among the alternative concepts. An understanding of
the strengths and weaknesses of the alternatives, from a maintainability perspective, must be one
result of these reviews. Preliminary modeling, high-level maintainability block diagrams of the
various maintenance concepts for each design concept may be needed. In addition, the
maintainability concept must be evaluated to ensure that the necessary and proper general design
attributes are assigned to each product element. Data from whatever prototyping, proof-of-
concept demonstrations, and similar "testing" is conducted should be analyzed in evaluating the
relative maintainability of each concept and in determining realistic maintainability characteristics
for the product.

2 Asused here, harmonization refers to developing a set of consistent, non-conflicting requirements for the product.
Compromises and trade-offs are made to ensure that the overall performance (including maintainability) of the
product is optimized, rather than any single requirement. Of course, the various requirements may be prioritized and
the resulting harmonized set of requirements must reflect this prioritization. Finally, the goal of a totally
harmonized set of requirements is elusive and the effort continues during Phase 3 as unexpected problems are
revealed, especially during test.
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E.2.3 Phase II - Engineering and Manufacturing Development. Usually only one concept is
carried into Phase II. As indicated in Figure E-1, the objectives of this phase are to:

» translate the most promising design approach into a stable, producible, supportable, and
cost effective design

» validate the manufacturing and production processes to be implemented in Phase 111

* demonstrate product capabilities through testing

During this phase, the design of the product is matured. The processes that will be used to
manufacture and produce the product are developed. Development test and evaluation (DT&E)
and some initial operational test and evaluation (IOT&E) is conducted to verify the design and
demonstrate the product's performance. Consequently, it is during this phase that the
maintainability effort is most intense. The maintainability program plan must clearly define:

» the activities (tasks) to be conducted during this phase
* the purpose and expected result of each activity

* who will perform each activity

* when each activity must be performed

» the resources required for the activities

General and specific design criteria, standards, and policies for maintainability are defined and
implemented. Requirements for suppliers are developed based on allocations of product-level
maintainability requirements. Maintainability analyses are conducted to evaluate the evolving
design, identify problems, and develop solutions to those problems. Modeling and simulation are
used as part of the evaluation effort. Predictions and estimates of maintainability are made, first
using only analytical inputs. As testing and demonstrations occur, data from these events are
collected and analyzed to refine the estimates of the design maintainability. Based on the design
maintainability and the results of any IOT&E, assessments can be made of the operational
maintainability of the product. The effectiveness of diagnostics, especially built-in test,
accessibility for maintenance, the adequacy of the man-machine interface, and other issues are
addressed. Support and training equipment requirements, and maintenance training requirements
must be identified as well as support facilities. Maintainability engineers are concerned with the
development of maintenance procedures, determining sparing requirements, and in developing the
needed inputs to the detailed maintenance plan and logistics support analysis. Data collection,
analysis, and corrective action is an essential activity during this phase because it supports the
analysis, design, and evaluation efforts.

E.2.4 Phase III - Production, Fielding/Deployment, and Operational Support. During
production, the focus of the maintainability effort will be to ensure that the designed level of
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maintainability is not compromised by any proposed engineering changes. Additional
operational testing and demonstration will occur during production and deployment, and the
maintainability engineer must be involved with these efforts to refine and update the assessment
of the product's operational maintainability. The maintainability program plan may be updated
to better define the activities to be conducted during production, deployment, and operational
support. Supplier control will continue during production and may continue into the operational
support phase. During the operational support portion of this phase, efforts must continue to
track and evaluate proposed design changes (due to modifications and upgrades), track and
evaluate the operational maintainability of the product, identify problems (ideally before they
occur), and develop solutions for these problems. Maintainability design, analysis, and test will
be required to support modifications, whether those modifications are made to address
maintainability or for any other reason (e.g., safety, upgrade functional performance, extend life,
etc.).

E.2.5 Demilitarization and Disposal. When some military products reach the end of their
useful life, they may need to be demilitarized prior to disposal. It will be necessary to dispose of
all "discarded" product. Disposal may involve component and material reclamation and
disposal. To some extent, the maintainability engineer can address disposal and reclamation by
considering material durability, environmental concerns, statutory regulations governing material
disposal, and the methods and locations where reclamation and disposal might be performed
during design. Special attention should be paid to the reclamation of precious metals and the
disposal of hazardous or radioactive materials. During disposal, Lessons Learned files are
updated, and in-depth tear-down analyses are often conducted of selected components to update
service life data.



MIL-HDBK-470A
APPENDIX F
MAINTAINABILITY REFERENCES

F.1.0 Scope. This Appendix is an essential part of MIL-HDBK-470A. The information
contained herein is intended for reference only. This appendix identifies both the Government
and non-government documents from which material and ideas, dealing specifically with
maintainability, were considered for incorporation in this handbook update. Applicable
document sources include: DoD: directives, standards, handbooks, guide documents and
laboratory reports; ANSI and member professional societies including the SAE and IEEE; IEC;
NATO; and other published literature.

Those documents marked with an asterisk (*) are being or have been canceled by the government
when this handbook was published. However, since many companies may have copies and may
wish to use them as references, they are listed here. Those marked with a double asterisk (**) are
being converted or have been converted to military handbooks, data specs, design criteria
standards, or standard practices.

This Appendix is for guidance only and cannot be cited as a requirement. If it is, the contractor
does not have to comply.

F.2.0 US Government documents. Copies of current US Government documents are available
from: Standardization Document Order Desk, 700 Robbins Avenue, Building 4D, Philadelphia,
PA 19111-5094.

2.1 Department Of Defense Directives and Instructions

DOD 4120.3 Defense Standardization Program Policies and Procedures
DOD 5000.1 Defense Acquisition
DOD 5000.2-R Mandatory Procedures for Major Defense Acquisition Programs

(MDAPs) and Major Automated Information System Acquisition
Programs (MAISAPs)

*DOD 5000.39 Acquisition and Management of ILS for Systems and Equipment
*DOD 5000.40 Reliability and Maintainability

F.2.2 Department Of Defense Standards

MIL-STD-280 Definitions of Item Levels, Item Exchangeability, Models and Related
Terms

*MIL-STD-721 Definition of Terms for Reliability and Maintainability
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DOD-STD-863
MIL-STD-962
MIL-STD-1309
*MIL-STD-1369

**MIL-STD-1388-1
**MIL-STD-1388-2

**MIL-STD-1472

*MIL-STD-1568

*MIL-STD-1629
MIL-STD-1686

DOD-STD-1701
MIL-STD-1761
MIL-STD-1814
MIL-STD-2067
MIL-STD-2073-1
*DOD-STD-2107
MIL-STD-2155
MIL-STD-2173

MIL-HDBK-470A
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Military Standard Wiring Data and Schematic Diagrams, Preparation of
Defense Standards and Handbooks

Definition of Terms for Testing, Measurement, and Diagnostics
Integrated Logistic Support Program Requirements

Logistics Support Analysis

DOD Requirements for a Logistics Support Analysis Record

Human Engineering Design Criteria for Military Systems, Equipment and
Facilities

Materials and Processes for Corrosion Prevention and Control in
Aerospace Weapons Systems

Procedures for Performing an FMECA

Electrostatic Discharge Control Program for Protection of Electronic Parts,
Assemblies and Equipment

Hardware Diagnostic Test System Requirements

Fastener Recess Test, Method for Damage Tolerance Evaluation
Integrated Diagnostics

Aircrew Automated Escape Systems R&M Program, Requirements for
DOD Standard Practice for Military Packaging

Product Assurance Program Requirements for Contractors

Failure Reporting, Analysis and Corrective Action System

Reliability-Centered Maintenance Requirements for Naval Aircraft,
Weapons Systems and Support Equipment

F.2.3 Department Of Defense Handbooks

MIL-HDBK-217
MIL-HDBK-263

MIL-HDBK-338
MIL-HDBK-454
MIL-HDBK-470
*MIL-HDBK-471
MIL-HDBK-472
MIL-HDBK-759

Reliability Prediction of Electronic Equipment

Electrostatic Discharge Control Handbook for Protection of Electrical and
Electronic Parts, Assemblies and Equipment

Electronic Reliability Design Handbook

Standard General Guidelines for Electronic Equipment
Maintainability Program for Systems and Equipment
Maintainability Verification / Demonstration/ Evaluation
Maintainability Prediction

Human Engineering Design for Military Materiel
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DOD-HDBK-791
MIL-HDBK-792
MIL-HDBK-798
MIL-HDBK-1472

MIL-HDBK-2084

MIL-HDBK-2165

*MIL-HDBK-46855
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Maintainability Design Techniques
Prove Out of Production Facilities
System Engineer's Design for Discard Handbook

Human Engineering Design Criteria for Military Systems, Equipment and
Facilities

General Guidelines for Maintainability of Avionics and Electronic System
and Equipment

Testability Program for Systems and Equipment

Human Engineering Guidelines for Military Systems, Equipment, and
Facilities

F.2.4 Department Of Defense Guide Documents

AF GUIDE SPEC. 87256

Integrated Diagnostics

F.2.5 Rome Laboratory Reports. Copies of the following Rome Laboratory documents are
available from: the Defense Technical Information Center (DTIC-FDAC), Cameron Station,
Building 5, Alexandria, VA 22304-6145, Tel (703) 274-7633 or from the National Technical
Information Service (NTIS), Department of Commerce, 5285 Port Royal Road, Springfield, VA
22161-2171, Tel (703) 487-4650.

RL-TR-95-289
RL-TR-94-196
RL-TR-94-232
RL-TR-93-209

RL-TR-92-12

RL-TR-91-6
RADC-TR-90-31
RADC-TR-89-209
RADC-TR-89-230
RADC-TR-78-169
RADC-TR-70-89
RADC-TR-69-356

Fault Logging Using a Micro Time Stress Device
Micro-Time Stress Measurement Device Development
Reliability And Maintainability Design Expert System

A Quality Process Approach to Electronic Systems Reliability: (Two
volumes)Handbook Procedure

Testability Design Rating System: Testability Handbook (Vol I) 2 Vols
and Analytical Procedure (Vol II)

Digital Logic Testing and Testability, In-House Report

A Contractors Program Manager's Testability / Diagnostics Guide
Computer-Aided Design for Built-In Test

Fault Simulation Evaluation

Maintainability Prediction and Analysis Study

Maintainability Prediction and Demonstration Techniques (Final Report)

Maintainability Prediction and Demonstration Techniques (2 Volumes)
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F.2.6 Air Force Documents. Copies of the following document are no longer available.

*DH 1-9 AFSC Design Handbook, Series 1-0 General - Maintainability

F.2.7 US Army Documents. Copies of the following documents are no longer available.

QR-870-J Maintainability Program for Systems and Equipment Development

AMCP 706-133 Engineering Design Handbook: Maintainability engineering Theory and
Practice

F.2.8 US Navy Documents. Copies of the following documents are no longer available.

*NAVAIR 01-1A-31 Reliability and Maintainability Management Handbook
*NAVAIR 01-1A-33 Maintainability Engineering Handbook

F.2.9 National Aeronautical And Space Administration (NASA) Documents. Copies of
current NASA documents are available from: NASA Center for Aerospace Information, 800
Elkridge Landing Rd., Linthicum Heights, MD 21090-2934, Tel, (301) 621-0134, Fax, (301) 621-
0100.

NASA NHB 5300.4 (1G)  Reliability, Maintainability, and Quality Assurance Publication,
NASA Assurance Terms and Definitions

NASA NHB 5300.4 (1E) Reliability, Maintainability, and Quality Assurance Publication,
Maintainability Program Requirements for Space System

F.3.0 Non-Government Publications.

F.3.1 International Electrotechnical Commission (IEC) Documents. Copies of IEC
documents are available from: American National Standards Institute, 1430 Broadway, New
York, NY 10018, Telephone, (212) 642-4900, FAX, (212) 302-1286.

IEC 50 Chap 191 International Electrotechnical Vocabulary Chapter 191: Dependability and
Quality of Service

IEC 300 - 3-2 Dependability Management - Part 3: Application Guide - Section 2:
Collection of Dependability Data from the Field

IEC 362 Guide for the Collection of Reliability, Availability, and Maintainability
Data from Field Performance of Electronic Items

IEC 706 - 1 Guide on Maintainability of Equipment - Part 1: Sections One, Two and
Three: Introduction, Requirements and Maintainability Programme
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IEC 706 - 2 Guide on Maintainability of Equipment - Part 2: Section Five:
Maintainability Studies During the Design Phase

IEC 706 - 3 Guide on Maintainability of Equipment - Part 3: Sections Six and Seven:
Verification and Collection, Analysis and Presentation of Data

IEC 706 - 4 Guide on Maintainability of Equipment - Part 4: Section 8: Maintenance
and Maintenance Support Planning

IEC 706 - 5 Guide on Maintainability of Equipment - Part 5: Section 4: Diagnostic
Testing

[EC-812 Analysis Techniques for System Reliability - Procedure for Failure Mode
and Effects Analysis (FMEA)

IEC 706 - 6 Guide on Maintainability of Equipment - Part 6: Section 9: Statistical
Methods in Maintainability Evaluation

IEC 812 Analysis Techniques for System Reliability - Procedure for Failure Mode
and Effects Analysis

IEC 863 Presentation Of Reliability, Maintainability and Availability Predictions

F.3.2 American National Standards Institute (ANSI) Documents. Copies of ANSI
documents are available from: American National Standards Institute, 1430 Broadway, New
York, NY 10018, Telephone, (212) 642-4900, FAX, (212) 302-1286.

ANSI/IEEE 762 Standard Definitions for Use in Reporting Electric Generating Unit
Reliability, Availability, and Productivity

ANSI/SAE AIR 4276 Survey Results: Computerization of Reliability, Maintainability and
Supportability (RM&S) in Design

F.3.3 Society Of Automotive Engineers (SAE) Documents. Copies of SAE documents are
available from: SAE International, Publications Sales, 400 Commonwealth Drive, Warrendale, PA
15096-0001, Telephone, (412) 776-4970, FAX, (412) 776-5760.

SAE ARD 50010 Recommended RMS Terms And Parameters
SAE ARD 50046 RMS Information Sourcebook
SAE M-102 Reliability, Maintainability, and Supportability Guidebook

SAE J 1739 Potential Failure Mode And Effects Analysis in Design (Design FMEA)
and Failure Mode And Effects Analysis in Manufacturing and Assembly
Processes (Process FMEA) Reference Manual, Recommended Practice

SAE HS-2600 SAE Maintainability, Repairability, and Serviceability Standards Manual
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F.3.4 Automotive Industries Action Group (AIAG) Documents. Copies of the following
AIAG document are available from: Automotive Industry Action Group, 26200 Lahser Road,

Suite 200, Southfield, MI 48034, Telephone (313) 358-3003.

(No number) Potential Failure Mode and Effects Analysis (FMEA).

F.3.5 Institute of Electrical and Electronics Engineers (IEEE) Documents. Copies of IEEE
document are available from: IEEE, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331,
Telephone, (800) 678-1EEE, FAX, (908) 981-9667.

IEEE-STD-1149.1  Standard Test Access Port and Boundary-Scan Architecture

F.3.6 Air Transport Association Documents. Copies of ATA document are available from:
Air Transport Association of America, P.O. Box 511, Annapolis Junction, MD 20701,
Telephone, (202) 626-4000.

ATA-Spec. 2100 Digital Data Standards for Aircraft Support
F.3.7 North Atlantic Treaty Organization (NATQO) Documents. Copies of NATO
documents are available from: Global Engineering, 15 Inverness Way East, Englewood CO 80112-

5704, Telephone, (800) 854-7179, FAX, (303) 792-2192.

NATO ARMP-1 Ed 2 NATO Requirements for Reliability and Maintainability
NATO ARMP-2 Ed 2 General Application Guide on the Use of ARMP-1

NATO ARMP-3 Application of National Reliability And Maintainability Documents

NATO ARMP-5 Guidance on Reliability and Maintainability Training

NATO ARMP-6 In-Service Reliability and Maintainability

NATO ARMP-8 Ed 1  Reliability And Maintainability in the Procurement of Off-the-Shelf
Equipment

F.4.0 Published Literature.
F.4.1 Reliability And Maintainability Symposium Proceedings (RAMS)

Bakken, D., and J. M. Banghart, "More Accurate Maintainability Predictions," 1985 RMS Page
44

Downs, W. R., "Maintainability Analysis versus Maintenance Analysis - Interfaces and
Discrimination," 1976 RMS Page 476
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Locks, M. O., "Maintainability and Life-Cycle Costing," 1978 RMS Page 251

Rawicz, A. H. and D. R. Girling, "Neural-Network Enhancement for a Reliability Expert-
System", 1994 RMS.

Vannatter, R. L., "New Maintainability Prediction Technique," 1985 RMS Page 39
F.4.2 AUTOTESTCON Proceedings

Debany, W.H., D.E. Daskiewich and C.R. Unkle, "Integrating Logic Simulation And Dependency
Modeling," AUTOTESTCON, 1993.

DeMare, G. and G. Giordano, "Intelligent Maintenance Aid "Software," AUTOTESTCON, 1994.

Franco, J.R., "Experiences Gained Using the Navy's IDSS Weapon System Testability
Analyzer," AUTOTESTCON, 1988.

Su, L.P. Dr., G. de Mare, and M. Nolan, "DARTS: An Enabling Technology for Concurrent
Engineering," AUTOTESTCON, 1993

F.4.3 Other Symposia

Johnson, F. and R. Unkle, "The System Testability and Maintenance Program (STAMP"), A
Testability Assessment Tool For Aerospace Systems," AIAA/NASA Symposium on
Maintainability of Aerospace Systems, 1989.

Saporito, J. and C.R. Unkle, "An Approach to Bed-Of-Nails Testing Using Dependency
Modeling Techniques," Proceedings, Symposium On the Role of Reliability, Availability, and
Maintainability in Providing Quality Army Equipment, June 1992.

F.4.4 Journals

SAE Communications in RMS, Knezevic, J., "Maintainability Prediction at the Design Level,"
Vol. 1, No. 1, Winter 1994.

F.4.5 Corporate Documents

"Maintainability Handbook: A Guide for Maintainability Engineers," McDonnell Douglas Corp.
B1399, 27 February 1989.
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F.4.6 Published Textbooks and Dictionaries

"Bodyspace: Anthropometry, Ergonomics, and Design," S. Pheasant, Taylor and Francis, Inc.,
Philadelphia, PA, 1986.

"Human Engineering Guide to Equipment Design," H. P. Van Cott and R. C. Kinkade, Revised
Edition of 1963 Text Published by the U.S. Government Printing Office, Tams Books, Inc., Los
Angeles, CA, 1972.

"Human Factors Design Guide," W. E. Woodson, McGraw-Hill, New York, NY 1981.
"The Human Factor in Engineering," J.H. Burgess, Petrocelli Books, Princeton, NJ, 1986.

"Human Factors in Engineering and Design," E. J. McCormick, McGraw-Hill, Inc., New York,
NY, 1976.

"Product Assurance Dictionary," Dr. R. R. Landers, Marlton Publishers, Marlton, NJ, 1996.
"Reliability Centered Maintenance," A. M. Smith, McGraw-Hill, Inc., New York, NY, 1993.

"Systems Engineering and Analysis," B. S. Blanchard and W. J. Fabrycky, Prentice-Hall, Inc.,
Englewood Cliffs, NJ, 1981.

F.4.7 Maintainability Software Tools. Many maintainability software tools are available
from government, industry and academia. Table F-I is a list of software tool types with
associated supplier reference numbers. Table F-II is the list of the suppliers associated with the
reference numbers. While the list of suppliers may not be complete, it includes addresses and
telephone numbers confirmed to be accurate as of March 1995. The inclusion of a supplier does
not in any way constitute Government endorsement nor does the omission of a supplier
constitute Government disapproval. Potential software tool users should thoroughly research
any claims made by software suppliers and carefully study their own needs before obtaining any
software. Further information on maintainability software tools can be obtained in the following
reports (the reports contain data relative to software tool hardware requirements, claimed
capabilities, interface capabilities, demonstration package availability and price):

RL-TR-91-87 "A Survey of Reliability, Maintainability, Supportability and Testability
Software Tools"

RMST 93 "R&M Software Tools," Reliability Analysis Center

Also see "http://rome.iitri.com/RAC/TECHNICAL/RMST", the RAC R&M Software Tools
Listing on the Internet World Wide Web.
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TABLE F-I: Software Tool Type/Supplier Reference Number Listing.

Software Tool Type Supplier Reference Numbers
FMECA/FMEA 2,6,8,9,10,12,13,14,15,18,19,20,21,24,25
Maintainability Prediction & Analysis 2,3,4,7,9,13,14,15,17,20,21,22,23,24
Testability 26,27,28,29
Reliability Centered Maintenance 14
Repair Level Analysis 1
Logistics 2,14,15,22
Availability 4,5,11,14,15,16,22

TABLE F-II: R&M Software Tool Supplier Listing.

Air Force Materiel Command 9. Innovative Software Designs, Inc.
Logistics Model Development Branch One Country Drive
ASC/ALTD Greensburg, PA 15601
Wright-Patterson AFB, OH 45433 (412)836-8800
(513) 255-2122 FAX: (412) 836-8844
Advanced Logistics Developments (IQRC) 10. Innovative Timely Solutions
P. O. Box 232 7413 Six Forks Road, Suite 113
College Point, NY 11356 Raleigh, NC 27615
(212) 594-6600 (919) 846-7705
FAX: (919) 676-1282
E-mail: ged@nando.net
BQR Reliability Engineering Ltd. 11. Isograph Ltd.
P.O. Box 208 Rishon-LeZion 75101 Television House
Israel 10 Mount St.
972-3 966-3569 Manchester M25WT
FAX: 972-3 969-8459 United Kingdom
+44 (0) 161-835-2902
COSMIC, University of Georgia 12. JBF Associates
382 East Broad St. 1000 Technology Park Center
Athens, GA 30602 Knoxville, TN 37932-3353
(404) 542-3265 (615) 966-5232
FAX: (615) 966-5287
Decision Systems Associates 13. JORI Corp.
746 Crompton Rd. Attn: John House
Redwood, CA 94061 4619 Fontana St.
(415) 369-0501 Orlando, FL 32807
(407) 658-8337
Engineered Work Systems, Inc. 14. Management Sciences, Inc.
145 S. Livernois, Suite 112 6022 Constitution Ave. NE
Rochester, MI 48307 Albuquerque, NM 87110
(313) 651-4211 (505) 255-8611
FAX: (505) 268-6696
E-mail: marketing@mgtsciences.com
Evaluation Software 15. Mitchell & Gothier
2310 Claassen Ranch Lane 200 Baker Ave.
Paso Robles, CA 93446 Concord, MA 01742
(805) 239-4516 (508) 369-5115
FAX: (805) 239-9046
Ford Motor Company 16. National Energy Software Center

FMEA Program Headquarters

101 Union Street

Plymouth, MI 48170

(313) 455-0055

FAX: (313) 459-6861

E-mail: fmea@quality.ta.ford.com

9700 S. Cass Ave.
Argon, IL 60439
(708) 972-7250
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TABLE F-1I: R&M Software Tool Supplier Listing (continued).

17.

18.

19.

20.

21.

22.

23.

National Technical Information Service
5258 Port Royal Rd.

Springfield, VA 22161

(703) 487-4763

OMEGA Logistics

2700 Navajo Road, Suite A,
El Cajon, CA 92020

(619) 697-1238

OMNEX Engineering and Management
777 E. Eisenhower Parkway, Suite 315
Ann Arbor, MI 48108

(313)761-4940

FAX: (313) 761-4966

Powertronic Systems, Inc.
13700 Chef Menteur Hwy.
New Orleans, LA 70129
(504)254-0383

FAX: (504) 254-0393

Probabilistic Software, Inc.
PSI Building, Suite 101

4536 Indianola, P.O. Box 714
La Canada, CA 91011

(818) 790-9743

Rex Thompson & Partners, Ltd.
Newnhams, West St.

Farnham, Surrey GU9 7EQ England
0252-711414

SEA (Systems Effectiveness Associates, Inc.
20 Vernon St.

Norwood, MA 02062

(617) 762-9252

24.

25.

26.

27.

28.

29.

Tecnasa Electronica Professional S.A.
Av. Brig. Faria Lima 811, Cx Postal 201
Sao Jose dos Campos SP CEP12.225
Brazil

55-123-41-3344

Turing Institute Ltd.

North American Office

68 Smith St.

Chelmsford, MA 01824-1711
(508) 256-9593

DETEX Systems, Inc.

Attn: Craig De Paul (for STATLO)
1574 N. Batavia

Suite 4

Orange, CA 92667

(714) 637-9325

FAX: (714) 998-4875

ARINC

Attn: John Sheppard (for STAMPL)
2551 Riva Road

Annapolis, MD 21401

(410) 266-4000

Naval Undersea Warfare Center
Attn: Tim Bearse (for WSTA)
Newport Division

1176 Howell Street

Newport, RT 02841-1708
Giordana Automation Corporation

Attn: Gerard Giordana (for Diagnostician[])
Sparta, NJ 07871
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MAINTAINABILITY GLOSSARY OF TERMS, DEFINITIONS, ACRONYMS AND
ABBREVIATIONS

SCOPE

This Appendix is an essential part of MIL-HDBK-470A. The information contained herein is
intended for reference only. Many definitions, acronyms, and abbreviations are used in the field
of maintainability, and no attempt has been made to list them all here. Instead, a compilation of
terms from three historical documents (MIL-STD-721, MIL-HDBK-470, and MIL-HDBK-471)
and from MIL-HDBK-472, and key terms from this handbook is provided.

This Appendix is for guidance only and cannot be cited as a requirement. If it is, the contractor
does not have to comply.

-A-

ACCESSIBILITY: A measure of the relative ease of admission to the various areas of an item for
the purpose of operation or maintenance.

ACTIVE CORRECTIVE MAINTENANCE TIME: That part of active maintenance time during
which actions of corrective maintenance are performed on an item. Excluded are logistics and
administrative delays (e.g., awaiting parts, shift change, etc.).

ACTIVE TIME: That time during which an item is in an operational inventory.
ADMINISTRATIVE TIME: That element of delay time, not included in the supply delay time.

AFFORDABILITY: Affordability is a measure of how well customers can afford to purchase,
operate, and maintain a product over its planned service life. Affordability is a function of
product value and product costs. It is the result of a balanced design in which long-term support
costs are considered equally with near-term development and manufacturing costs.

ALIGNMENT: Performing the adjustments that are necessary to return an item to specified
operation.

AMBIGUITY: The inability to distinguish which of two or more subunits of a product or item
has failed.

AMBIGUITY GROUP: The number of possible subunits of a product or item identified by
BIT, ETE, or manual test procedures, which might contain the failed hardware or software
component.
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ANTHROPOMETRICS: Quantitative descriptions and measurements of the physical body
variations in people. These are useful in human factors design.

AUTOMATIC TEST EQUIPMENT (ATE): Equipment that is designed to automatically
conduct analysis of functional or static parameters and to evaluate the degree of UUT (Unit
Under Test) performance degradation; and may be used to perform fault isolation of UUT
malfunctions. The decision making, control, or evaluative functions are conducted with minimum
reliance on human intervention and usually done under computer control.

AVAILABILITY: A measure of the degree to which an item is in an operable and committable
state at the start of a mission when the mission is called for at an unknown (random) time. (Item
state at start of a mission includes the combined effects of the readiness-related system R & M
parameters, but excludes mission time.)

-B-

BUILT-IN-TEST (BIT): An integral capability of the mission equipment which provides an on-
board, automated test capability, consisting of software or hardware (or both) components, to
detect, diagnose, or isolate product (system) failures. The fault detection and, possibly, isolation
capability is used for periodic or continuous monitoring of a system's operational health, and for
observation and, possibly, diagnosis as a prelude to maintenance action.

BUILT-IN TEST EQUIPMENT (BITE): Any device permanently mounted in the prime
product or item and used for the express purpose of testing the product or item, either
independently or in association with external test equipment.

-C-

CALIBRATION: A comparison of a measuring device with a known standard and a subsequent
adjustment to eliminate any differences. Not to be confused with alignment.

CHECKOUT: Tests or observations of an item to determine its condition or status.

CHECKOUT TIME: That element of maintenance time during which performance of an item is
verified to be a specified condition.

COMMERCIAL ITEM: Any item, other than real property, that is of a type customarily used
for nongovernmental purposes and that has been sold, leased, or licensed to the general public, or
has been offered for sale, lease, or license to the general public; items evolved from these items
that are not yet available in the commercial market but will be in time to meet the delivery
requirements of a solicitation. (See SD-2 or the Federal Acquisition Regulation, Parts 6, 10, 11,
12 and 14, for a complete definition and criteria.)
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COMMERCIAL-OFF-THE-SHELF (COTS): Items available in a domestic or foreign
commercial marketplace and usually ordered by part number.

COMPONENT: Within a product, system, subsystem, or equipment, a component is a
constituent module, part, or item.

COMPUTER-AIDED DESIGN (CAD): A process which uses a computer system to assist in
the creation, modification, verification, and display of a design.

CONFIGURATION ITEM (CI): A collection of hardware and software which satisfies a defined
end-use function. The CI is designated for separate as-designed, as-built and as-shipped content
makeup management control.

CONTRACT DELIVERABLES REQUIREMENTS LIST (CDRL): A listing of all technical
data and information which the contractor must deliver to the Government.

CORRECTIVE ACTION: A documented design, process, procedure, or materials change
implemented and validated to correct the cause of failure or design deficiency.

CORRECTIVE MAINTENANCE (CM): All actions performed as a result of failure, to restore
an item to a specified condition. Corrective maintenance can include any or all of the following
steps: Localization, Isolation, Disassembly, Interchange, Reassembly, Alignment and Checkout.

CRITICAL DESIGN REVIEW (CDR): The comparative evaluation of an item and program
parameters. It is usually held just prior to production release after the item has reached a degree
of completion permitting a comprehensive examination and analysis.

-D-

DATA ITEM DESCRIPTION (DID): A Government form used to define and describe the
written outputs required from a contractor.

DELAY TIME: That element of downtime during which no maintenance is being accomplished
on the item because of either supply or administrative delay.

DEMONSTRATION TEST: A test conducted under specified conditions, by, or on behalf of
the customer, using items representative of the production configuration, in order to determine
compliance with item design requirements as a basis for production approval. (also known as a
"Qualification")

DEPENDABILITY: A measure of the degree to which an item is operable and capable of
performing its required function at any (random) time during a specified mission profile, given
item availability at the start of the mission. (Item state during a mission includes the combined
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effects of the mission-related system R & M parameters but excludes non-mission time; see
availability.)

DESIGN MAINTAINABILITY: A measure of inherent maintainability that includes only the
effects of an item design and its application, but which is derived from the level of maintainability
required in a specific operational and support environment.

DETECTABLE FAILURE: Failures at the component, equipment, subsystem, or system
(product) level that can lie identified through periodic testing or revealed by an alarm or an
indication of an anomaly.

DEVELOPMENT TEST: Testing performed during development and integration to ensure
critical design parameters are met, verify the performance of an item's design, and produce data
supporting design improvements. Development test, sometimes called engineering test, also
discloses deficiencies and verifies that corrective action effectively prevents recurrence of these
deficiencies. Properly done, development test reduces the risk of redesign being necessary
following demonstration testing or delivery to the customer.

DEVELOPMENT TEST AND EVALUATION (DT&E): Test and evaluation focused on the
technological and engineering aspects of the product (system, subsystem, or equipment).

DIAGNOSTICS: The hardware, software, or other documented means used to determine that a
malfunction has occurred and to isolate the cause of the malfunction. Also refers to "the action of
detecting and isolating failures or faults."

DIRECT MAINTENANCE MANHOURS PER MAINTENANCE ACTION (DMMH/MA):
A measure of the maintainability parameter related to item demand for maintenance labor. The
sum of direct maintenance labor hours divided by the total number of preventive and corrective
maintenance actions during a stated period of time.

DIRECT MAINTENANCE MANHOURS PER MAINTENANCE EVENT (DMMH/ME): A
measure of the maintainability parameter related to item demand for maintenance labor. The sum
of direct maintenance labor hours, divided by the total number of preventive and corrective
maintenance events during a stated period of time.

DISASSEMBLE: Opening an item and removing a number of parts or subassemblies to make the
item that is to be replaced accessible for removal. This does not include the actual removal of the
item to be replaced.

DOWNTIME: That element of time during which an item is in an operational inventory but is
not in condition to perform its required function.
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-E-

ELEMENT MAINTENANCE ACTION: A unit of work into which a maintenance activity
may be broken down at a given indenture level.

EQUIPMENT: A general term designating an item or group of items capable of performing a
complete function.

-F-

FAILURE ANALYSIS: Subsequent to a failure, the logical systematic examination of an item, its
construction, application, and documentation to identify the failure mode and determine the
failure mechanism and its basic course.

FAILURE EFFECT: The consequence(s) a failure mode has on the operation, function, or status
of an item. Failure effects are typically classified as local, next higher level, and end.

FAILURE MECHANISM: The physical, chemical, electrical, thermal or other process which
results in failure.

FAILURE: The event, or inoperable state, in which any item or part of an item does not, or
would not, perform as previously specified.

FAILURE, INTERMITTENT: Failure for a limited period of time, followed by the item's
recovery of its ability to perform within specified limits without any remedial action.

FAILURE MODE: The consequence of the mechanism through which the failure occurs, i.e.,
short, open, fracture, excessive wear.

FAILURE MODE AND EFFECTS ANALYSIS (FMEA): A procedure by which each potential
failure mode in a product (system) is analyzed to determine the results or effects thereof on the
product and to classify each potential failure mode according to its severity or risk probability
number.

FALSE ALARM: A fault indicated by BIT or other monitoring circuitry where no fault can be
found or confirmed.

FALSE ALARM RATE (FAR): The frequency of occurrence of false alarms over a defined
period of measure (e.g., time, cycles, etc.).

FAULT: Immediate cause of failure (e.g., maladjustment, misalignment, defect, etc.).

FAULT DETECTION (FD): A process which discovers the existence of faults.
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FAULT ISOLATION (FI): The process of determining the location of a fault to the extent
necessary to effect repair.

FAULT ISOLATION TIME: The time spent arriving at a decision as to which items caused the
system to malfunction. This includes time spent working on (replacing, attempting to repair, and
adjusting) portions of the system shown by subsequent interim tests not to have been the cause
of the malfunction.

FRACTION OF FAULTS DETECTABLE (FFD): That fraction of all failures that occur over
operating time, t, that can be correctly identified through direct observation or other specified
means by an operator or by maintenance personnel under stated conditions.

FRACTION OF FAULTS ISOLATABLE (FFI): That fraction of all failures that occur over
operating time, t, that can be correctly isolated to n or fewer units at a given maintenance level
through the use of specified means by maintenance personnel under stated conditions.

FUNCTIONAL TEST: An evaluation of a product or item while it is being operated and
checked under limited conditions without the aid of its associated equipment in order to
determine its fitness for use.

-G-

GOVERNMENT-FURNISHED EQUIPMENT (GFE): An item provided for inclusion in or use
with a producer service being procured by the Government.

GUIDE SPECIFICATION: This is a type of performance specification prepared by the
Government. It identifies standard, recurring requirements that must be addressed when
developing new systems, subsystems, equipments, and assemblies. Its structure forces
appropriate tailoring to meet user needs.

-H-

HUMAN ENGINEERING (HE): The application of scientific knowledge to the design of items
to achieve effective user-system integration (man-machine interface).

HUMAN FACTORS: A body of scientific facts about human characteristics. The term covers
all biomedical and psychosocial considerations; it includes, but is not limited to, principles and
applications in the areas of human engineering, personnel selection, training, life support, job
performance aids, work loads, and human performance evaluation.

I-

INACTIVE TIME: That time during which an item is in reserve. (In an inactive inventory).

G-6
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INHERENT AVAILABILITY(A;j): A measure of availability that includes only the effects of an
item design and its application, and does not account for effects of the operational and support
environment.

INITIAL DELAY TIME: The time between the moment the product becomes available for
maintenance and the moment work is commenced.

INITIAL ISOLATION: Isolation to the product subunit which must be replaced on line to
return the product to operation. A subunit can be a modular assembly, or a component such as a
crystal or antenna subsection. In the event that the maintenance concept requires a subunit to be
removed, repaired and then replaced in the product, initial isolation includes both isolation to the
failed subunit and isolation to the failed and removable portion of the subunit.

INITIAL ISOLATION LEVEL OF AMBIGUITY: The initial number of possible product
subunits, identified by the built-in-test, built-in-test equipment, external test equipment, or
manual test procedure, which might contain the failed component.

INTEGRATED DIAGNOSTICS: A structured process which maximizes the effectiveness of
diagnostics by integrating pertinent elements, such as testability, automatic and manual testing,
training, maintenance aiding, and technical information as a means for providing a cost effective
capability to unambiguously detect and isolate all faults known or expected in items and to
satisfy system mission requirements. Products of this process are hardware, software,
documentation, and trained personnel.

INTEGRATED PRODUCT TEAM: A concurrent engineering team made up of individuals
representing all relevant disciplines associated with a product's design, manufacturing, and
marketing. All members work together using shared knowledge and capabilities to develop and
manufacture a product in which requirements are balanced. The individuals must be committed
to a common purpose, work to a unified set of requirements, and hold themselves accountable for
decisions made and actions taken.

INTERCHANGE: Removing the item that is to be replaced, and installing the replacement item.

INTERCHANGEABILITY: The ability to interchange, without restriction, like equipments or
portions thereof in manufacture, maintenance, or operation. Like products are two or more items
that possess such functional and physical characteristics as to be equivalent in performance and
durability, and are capable of being exchanged one for the other without alteration of the items
themselves or of adjoining items, except for adjustment, and without selection for fit and
performance.

INTERFACE DEVICE: An item which provides mechanical and electrical connections and any
signal conditioning required between the automatic test equipment (ATE) and the unit under test
(UUT); also known as an interface test adapter or interface adapter unit.
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ISOLATION: Determining the location of a failure to the extent possible, by the use of
accessory equipment.

IL-

LEVELS OF MAINTENANCE: The division of maintenance, based on different and requisite
technical skill, which jobs are allocated to organizations in accordance with the availability of
personnel, tools, supplies, and the time within the organization. Within the DoD, typical
maintenance levels are organizational, intermediate and depot.

LIFE CYCLE COST (LCC): The sum of acquisition, logistics support, operating, and retirement
and phase-out expenses.

LIFE CYCLE PHASES: Identifiable stages in the life of a product from the development of the
first concept to removing the product from service and disposing of it. Within the Department of
Defense, four phases are formally defined: Concept Exploration; Program Definition and Risk
Reduction; Engineering and Manufacturing Development; and Production, Deployment, and
Operational Support. Although not defined as a phase, demilitarization and disposal is defined
as those activities conducted at the end of a product's useful life. Within the commercial sector,
various ways of dividing the life cycle into phases are used. One way is: Customer Need
Analysis, Design and Development, Production and Construction, Operation and Maintenance,
and Retirement and Phase-out.

LINE REPLACEABLE UNIT (LRU): A unit designed to be removed upon failure from a larger
entity (product or item) in the operational environment, normally at the organizational level.

LOCALIZATION: Determining the location of a failure to the extent possible, without using
accessory test equipment.

LOGISTIC TIME: That portion of downtime during which repair is delayed solely to waiting
for a replacement part or other subdivision of the system.

LOGISTICS SUPPORT: The materials and services required to enable the operating forces to
operate, maintain, and repair the end item within the maintenance concept defined for that end
item.

-M-

MAINTAINABILITY: The relative ease and economy of time and resources with which an item
can be retained in, or restored to, a specified condition when maintenance is performed by
personnel having specified skill levels, using prescribed procedures and resources, at each
prescribed level of maintenance and repair. Also, the probability that an item can be retained in,
or restored to, a specified condition when maintenance is performed by personnel having
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specified skill levels, using prescribed procedures and resources, at each prescribed level of
maintenance and repair.

MAINTAINABILITY ACTIVITIES BLOCK DIAGRAM: A diagrammatic representation of
the necessary order of the various maintenance activities involved with a maintenance task for an
item. Three possible orders exist: simultaneous, sequential, and a combination of simultaneous
and sequential.

MAINTAINABILITY ALLOCATION: The apportionment of numerical requirements to all
levels within a product which will result in meeting the overall maintainability requirement or
goal.

MAINTAINABILITY DEMONSTRATION: A formal test specifically designed to measure
maintainability by the use of objective evidence gathered under specified conditions.

MAINTAINABILITY MODEL: A quantifiable representation of a test or process the purpose
of which is to analyze results to determine specific relationships of a set of quantifiable
maintainability parameters.

MAINTAINABILITY PREDICTION: That maintainability performance which is expected at
some future time, postulated on analysis of models, test, and past experience.

MAINTENANCE: All actions necessary for retaining an item in or restoring it to a specified
condition.

MAINTENANCE ACTION: An element of a maintenance event. One or more tasks (i.e., fault
localization, fault isolation, servicing and inspection) necessary to retain an item in or restore it to
a specified condition.

MAINTENANCE CONCEPT: A description of the planned general scheme for maintenance
and support of an item in the operational environment. It provides a practical basis for design,
layout, and packaging of the system and its test equipment. It establishes the scope of
maintenance responsibility for each level of maintenance and the personnel resources required to
maintain the system.

MAINTENANCE ENVIRONMENT: The climatic, geographical, physical and operational
conditions (e.g., combat, mobile, continental) under which an item will be maintained.

MAINTENANCE EVENT: One or more maintenance actions required to effect corrective and
preventive maintenance due to any type of failure or malfunction, false alarm or scheduled
maintenance plan.

MAINTENANCE RATIO: A measure of the total maintenance manpower burden required to
maintain an item. It is expressed as the cumulative number of labor hours of maintenance
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expended in direct labor during a given period of the life units divided by the cumulative number
of end item life units during the same period.

MAINTENANCE TASK: The maintenance effort necessary for retaining an item in, or
changing/restoring it to a specified condition.

MAINTENANCE TIME: An element of downtime which excludes modification and delay time.

MAXIMUM CORRECTIVE MAINTENANCE TIME FOR THE ® PERCENTILE
(MMaX(CD)): The maximum repair time associated with some percentage of all possible system

corrective repair actions. (For example, 95% of all corrective repair actions must be
accomplished in less than one hour.)

MEAN ACTIVE CORRECTIVE MAINTENANCE TIME (MACMT): The average time
associated with active corrective maintenance actions. Time includes only actual repair time
associated with a repair person performing corrective maintenance steps (i.e., Localization,
Isolation, Disassembly, Interchange, Reassembly, Alignment, and Checkout).

MEAN DOWNTIME (MDT): The average time a system is unavailable for use due to a failure.
Time includes the actual repair time plus all delay time associated with a repair person arriving
with the appropriate replacement parts.

MEAN MAINTENANCE MANHOURS PER MAINTENANCE ACTION (MMH/MA):
This term is defined in the same way as MMH/Repair except that time spent as a result of
system failure false alarms must also be included in the maintenance labor hours.

MEAN MAINTENANCE MANHOURS PER REPAIR (MMH/REPAIR): The summation of
the products of the mean maintenance labor hours expended to repair each given repairable item
multiplied by the failure rate for the item, divided by the summation of the failure rates for all
repairable items. The equation is given in MIL-HDBK-472, page V-7, as follows:

N
5 A, MMHj
MMH/Repair = 2=

N

n=l

Also, the total maintenance labor hours required to perform all repairs at any specific level of
maintenance, divided by the number of repairs.

MEAN MAINTENANCE TIME: The measure of maintainability taking into account
maintenance policy. The sum of preventive and corrective maintenance times, divided by the
sum of scheduled and unscheduled maintenance events, during a stated period of time.

G-10
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MEAN MANHOURS PER FLYING HOUR (MMH/FH): A maintainability performance
figure calculated by dividing the labor hours expended to maintain a particular aircraft fleet during
a given period, by the flying hours during that period.

MEAN MANHOURS PER OPERATING HOUR (MMH/OH): The total labor hours required
to maintain a system divided by the number of operating hours. This includes labor hours
associated with: corrective maintenance, preventive maintenance, and maintenance caused by
false alarms.

MEAN TIME BETWEEN FAILURE (MTBF): A basic measure of reliability for repairable
items. The mean number of life units during which all parts of the item perform within their
specified limits, during a particular measurement interval under stated conditions.

MEAN TIME BETWEEN CRITICAL FAILURE (MTBCF): A measure of mission or
functional reliability. The mean number of life units during which the item performs its mission
or function within specified limits, during a particular measurement interval under stated
conditions.

MEAN TIME BETWEEN MAINTENANCE (MTBM): A measure of the reliability taking
into account maintenance policy. The total number of life units expended by a given time,
divided by the total number of maintenance events (scheduled and unscheduled) due to that item.

MEAN TIME BETWEEN MAINTENANCE ACTIONS (MTBMA): A measure of the
product reliability parameter related to demand for maintenance labor. The total number of
product life units, divided by the total number of maintenance actions (preventive and corrective)
during a stated period of time.

MEAN TIME BETWEEN REMOVALS (MTBR): A measure of the product reliability
parameter related to demand for logistic support: The total number of system life units divided
by the total number of items removed from that product during a stated period of time. This
term is defined to exclude removals performed to facilitate other maintenance and removals for
product improvement.

MEAN TIME TO REPAIR (MTTR): A basic measure of maintainability. The sum of
corrective maintenance times at any specific level of repair, divided by the total number of
failures within an item repaired at that level, during a particular interval under stated conditions.

MEAN TIME TO RESTORE SYSTEM (MTTRS): A measure of the product maintainability
parameter, related to availability and readiness: The total corrective maintenance time, associated
with downing events, divided by the total number of downing events, during a stated period of
time. (Excludes time for off-product maintenance and repair of detached components.)
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MEAN TIME TO SERVICE (MTTS): A measure of an on-product maintainability
characteristic related to servicing that is calculated by dividing the total scheduled
crew/operator/driver servicing time by the number of times the item was serviced.

MISSION MAINTAINABILITY: The measure of the ability of an item to be retained in or
restored to specified condition when maintenance is performed during the course of a specified
mission profile. (The mission-related system maintainability parameter.)

MISSION TIME: That element of up time required to perform a stated mission profile.

MISSION-TIME-TO-RESTORE-FUNCTIONS (MTTRF): A measure of mission
maintainability: The total corrective critical failure maintenance time, divided by the total number
of critical failures, during the course of a specified mission profile.

MODIFICATION: Major engineering changes to an existing product or item to effect
improvements in design capabilities or characteristics.

MTTR ELEMENTS: Corrective maintenance actions consisting of the following tasks:

Preparation: Time associated with those tasks, including localization, required to be
performed before fault isolation can be executed.

Fault Isolation: Time associated with those tasks required to isolate the fault to the level
at which fault correction begins.

Disassembly: Time associated with gaining access to the replaceable item or items
identified during the fault isolation process.

Interchange: Time associated with the removal and replacement item or suspected faulty
item.

Reassembly: Time associated with closing up the equipment after interchange is
performed.

Alignment: Time associated with aligning the system or replaceable item after a fault has
been corrected.

Checkout: Time associated with the verification that a fault has been corrected and the
product is operational.

Start-Up: Time associated with bringing a product up to the operational state it was in
prior to failure, once a fault has been corrected and the operational status of the product
verified.



MIL-HDBK-470A
APPENDIX G
-N-

NON-DEVELOPMENTAL ITEM (NDI): Any previously developed item used exclusively for
governmental purposes by a Federal agency, a State or local government, or a foreign government
with which the U.S. has a mutual defense cooperation agreement; any such item with minor
modifications; and any item fully developed and in production but not yet in use. (See SD-2 or
the Federal Acquisition Regulation Parts 6, 10, 11, 12 and 14, for a complete definition and
criteria.)

NON-DESTRUCTIVE INSPECTION (NDI): Any method used for inspecting an item

without physically, chemically, or otherwise destroying or changing the design characteristics of
the item. However, it may be necessary to remove paint or other external coatings to use the
NDI method. A wide range of technology is usually described as nondestructive inspection,
evaluation, or testing (collectively referred to as non-destructive evaluation or NDE). The core of
NDE is commonly thought to contain ultrasonic, visual, radiographic, eddy current, liquid
penetrant, and magnetic particle inspection methods. Other methodologies, include acoustic
emission, use of laser interference, microwaves, NMR and MRI, thermal imaging, and so forth.

NON-DETECTABLE FAILURE: Failures at the component, equipment, subsystem, or system
(product) level that are identifiable by analysis but cannot be identified through periodic testing
or revealed by an alarm or an indication of an anomaly.

-O-

OPERATIONAL ENVIRONMENT: The aggregate of all external and internal conditions (such
as temperature, humidity, radiation, magnetic and electric fields, shock vibration, etc.) either
natural or man made, or self-induced, that influences the form, operational performance,
reliability or survival of an item.

OPERATIONAL MAINTAINABILITY: The assessed maintainability of an item based on field
data.

OPERATIONAL READINESS: The ability of a military unit to respond to its operation
plan(s) upon receipt of an operations order. (A function of assigned strength, item availability,
status, or supply, training, etc.).

OPERATIONAL TEST AND EVALUATION (OT&E): Test and evaluation which focuses on
the development of optimum tactics, techniques, procedures, and concepts for products and
items, evaluation of reliability, maintainability and operational effectiveness, and suitability of
products and items under realistic operational conditions.
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PERCENT ISOLATION TO A GROUP OF RIs: The percent of time that detected failures can
be fault isolated to a specified ambiguity group of size n or less, where n is the number of
replaceable items (RIs).

PERCENT ISOLATION TO A SINGLE RI: The percent of time that detected failures can be
fault isolated to exactly one replaceable item (RI).

PERFORMANCE SPECIFICATION (PS): A design document stating the functional
requirements for an item.

PERFORMANCE-BASED REQUIREMENTS (SPECIFICATION): Requirements that
describe what the product should do, how it should perform, the environment in which it should
operate, and interface and interchangeability characteristics. They should not specify how the
product should be designed or manufactured.

PREPARATION TIME: The time spent obtaining, setting up, and calibrating maintenance aids;
warming up equipment; etc.

PREVENTIVE MAINTENANCE (PM): All actions performed in an attempt to retain an item
in specified condition by providing systematic inspection, detection, and prevention of incipient
failures.

PROCESS ACTION TEAM (PAT): A group of individuals with complementary skills,
committed to a common purpose, set of performance goals, and approach for which they hold
themselves accountable, who work together using shared knowledge and capabilities to improve
business processes.

PROGRAM-UNIQUE SPECIFICATION. This type of Government specification, also called a
system specification, establishes requirements for items used for a particular weapon system or
program. Little potential exists for the use of the document in other programs or applications. It
1s written as a performance specification, but it may include a blend of performance and detail
design type requirements.

-R-

REASSEMBLY: Assembling the items that were removed during disassembly and closing the
reassembled items.

REDUNDANCY: The existence of more than one means for accomplishing a given function.
Each means of accomplishing the function need not necessarily be identical.
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RELIABILITY: (1) The duration or probability of failure-free performance under stated
conditions. (2) The probability that an item can perform its intended function for a specified
interval under stated conditions. (For non-redundant items this is equivalent to definition (1).
For redundant items this is equivalent to definition of mission reliability.)

RELIABILITY-CENTERED MAINTENANCE (RCM): A disciplined logic or methodology
used to identify preventive and corrective maintenance tasks to realize the inherent reliability of
equipment at a minimum expenditure of resources.

REPAIR TIME: The time spent replacing, repairing, or adjusting all items suspected to have
been the cause of the malfunction, except those subsequently shown by interim test of the
system not to have been the cause.

REPLACEABLE ITEM (RI) or REPLACEABLE UNIT (RU): An item, unit, subassembly, or
part which is normally intended to be replaced during corrective maintenance upon failure of the
item.

REQUEST FOR PROPOSAL (RFP): A letter or document sent to suppliers asking to show
how a problem or situation can be addressed. Normally the supplier's response proposes a
solution and quotes a price. Similar to a Request for Quote (RFQ), although the RFQ is usually
used for products already developed.

-S-

SCHEDULED MAINTENANCE: Periodic prescribed inspection and/or servicing of products
or items accomplished on a calendar, mileage or hours of operation basis. Included in Preventive
Maintenance.

SERVICING: The performance of any act needed to keep an item in operating condition, (i.e.
lubricating, fueling, oiling, cleaning, etc.), but not including preventive maintenance of parts or
corrective maintenance tasks.

STANDARD PERFORMANCE SPECIFICATION (SPS): A type of specification that
establishes requirements for military-unique items used in multiple programs or applications.

STORAGE LIFE: The length of time an item can be stored under specified conditions and still
meet specified operating requirements.

SUBSYSTEM: A combination of sets, groups, etc. which performs an operational function
within a product (system) and is a major subdivision of the product. (Example: Data processing
subsystem, guidance subsystem).

SUPPLY DELAY TIME: That element of delay time during which a needed replacement item is
being obtained.
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SUPPORT CONCEPT: A product-level description of maintenance needs consistent with an
item's design and operational requirements.

SUPPORT ENVIRONMENT: The mobile, fixed and computer resources necessary for the
operation and maintenance of a product under various environments but which are not physically
part of the product. These resources are the people and the equipment required to make an item,
product or facility operational as intended.

SYSTEM: General - A composite of equipment and skills, and techniques capable of performing
or supporting an operational role, or both. A complete system includes all equipment, related
facilities, material, software, services, and personnel required for its operation and support to the
degree that it can be considered self-sufficient in its intended operational environment.

SYSTEM ADMINISTRATIVE TIME: System (product) downtime other than active
maintenance time and logistic time.

SYSTEM DOWNTIME: The time interval between the commencement of work on a system
(product) malfunction and the time when the system has been repaired and/or checked by the
maintenance person, and no further maintenance activity is executed.

SYSTEM FINAL TEST TIME: The time spent confirming that a system (product) is in
satisfactory operating condition (as determined by the maintenance person) following
maintenance. It is possible for a system final test to be performed after each correction of a
malfunction.

-T-

TESTABILITY: A design characteristic which allows status (operable, inoperable, or degraded)
of an item to be determined and the isolation of faults within the item to be performed in a timely
manner.

TEST MEASUREMENT AND DIAGNOSTIC EQUIPMENT (TMDE): Any product or item
used to evaluate the condition of another product or item to identify or isolate any actual or
potential failures.

TEST POINT: A jack or similar fitting to which a test probe is attached for measuring a circuit
parameter or waveform.

TIME, TURN AROUND: That element of maintenance time needed to replenish consumables
and check out an item for recommitment.

TOTAL SYSTEM DOWNTIME: The time interval between the reporting of a system
(product) malfunction and the time when the system has been repaired and/or checked by the
maintenance person, and no further maintenance activity is executed.

G-16
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UNIT UNDER TEST (UUT): A UUT is any product or item (system, set, subsystem,
assembly or subassembly, etc.) undergoing testing or otherwise being evaluated by technical
means.

UNSCHEDULED MAINTENANCE: Corrective maintenance performed in response to a
suspected failure.

UPTIME RATIO: A composite measure of operational availability and dependability that
includes the combined effects of item design, installation, quality, environment, operation,
maintenance, repair and logistic support: The quotient of uptime divided by the sum of uptime
and downtime.)

UPTIME: That element of ACTIVE TIME during which an item is in condition to perform its
required functions. (Increases availability and dependability).

USEFUL LIFE: The number of life units from manufacture to when the item has an unrepairable
failure or unacceptable failure rate. Also, the period of time before the failure rate increases due
to wearout.

UTILIZATION RATE: The planned or actual number of life units expended, or missions
attempted during a stated interval of calendar time.

V-

VERIFICATION: The contractor effort to: (1) determine the accuracy of and update the
analytical (predicted) data obtained from the maintainability engineering analysis; (2) identify
maintainability design deficiencies; and (3) gain progressive assurance that the maintainability of
the item can be achieved and be demonstrated in subsequent phases. This effort is monitored by
the procuring activity from date of award of the contract, through hardware development from
components to the configuration item (CI).

VIRTUAL REALITY: A combination of various interface technologies that enables a user to
intuitively interact with an immersive and dynamic computer-generated environment.
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exploration
studies
Concurrent engineering
Condition monitoring
Confidence level(s)

Configuration control
Configuration management
Consumer risk(s)
Corrective Action

Correlation Matrix
Costs
acquisition
design
life cycle
maintenance
O&M
opportunity & equivalent
ownership

production & construction

R&D
retirement & phaseout

D-10, D-21

2-5, A-5, E-1

E-1

2-8, A-22

4-9

A-19, B-20, B-22, B-44, B-61,
B-85

2-6, 2-11, 4-6

2-6, A-10

B-5, B-41

4-22,4-33, 4-53, 4-58, 4-65

D-23, D-29

2-5,2-8



Index Term

Data
accuracy
acquisition methods
analysis method(s)
collection
element(s)
items
sources
system(s)
Decision
criteria
milestone
procedure

Defense Acquisition Reform

Deficiencies

Degradation
Demilitarization
Demonstration/verification
Data
environment
evaluation
method(s)

plans
population
techniques
test (ing)

test(s)
Dependability
Dependency analysis
Deployment
Depot

Design
attributes
changes
characteristics
costs
criteria
data
deficiencies
evaluation
expert system
goal(s)
guidelines

principles
process(es)

requirements

reviews

team
Detect(ion)

capability

efficiency

of faults/failures
Detection (continued)

percentage(s)

requirements
Development

costs

phase

test(s) and testing
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(D) Diagnostic(s)

capabilities
design principles

4-62 tests

B-20, B-23, B-65, B-76 tools

4-62 Disposal

2-6, 4-8, 4-9, 4-58, B-4, E-6
B-4

A-18, A-23, D-3

4-60, A-23, B-4

4-16, 4-58, 4-60

B-5, B-20, B-31

A-5,E-2

B-28, B-31, B-34, B-37, B-45, B-
47

4-1, A-1, A-4, A-7

B-2, B-3, B-64, B-68, B-70, D-1,
E-2

4.8, 4-15

2-5,3-7, A-6, E-1, E-6
B-2,B-5

4-46, 4-62

B-10

B-1, B-62, B-71

B-6, B-16, B-22, B-36, B-65, B-
71

B-20

B-16, B-22

B-4, B-71, D-31

1-2, 2-6, 3-5, 4-52, 4-58, A-22,
B-2, B-6, B-7, B-73

B-6, B-11, B-23

4-60

4-38

2-5, A-6, E-1, E-6

2-10, 4-4, 4-13, 4-47, B-2, B-5,
B-8, B-64, D-2, D-10

B-72, E-3

4-4,4-43, E-5

2-4,3-2,4-12, 4-34, 4-42, B-74
See “Costs”

4-31, 4-34

2-11, 4-24, 4-60

B-1, B-3

4-22,4-32

4-26

4-18

1-2, 3-6, 3-7, 4-18, 4-40,
Appendix C

4-13, 4-19, 4-20

2-9, 4-4, 4-6, 4-13, 4-21, 4-40,
4-43, B-3, B-74

2-11, 3-2,4-22, 4-32, A-3, A-12
D-2, D-16

4-3, B-5, E-3

2-1, 3-5, 4-21, 4-26

B-3
4-37
2-2,4-9, 4-12, 4-34, 4-37, 4-42

Index-4

Distribution(s) (statistical)

Duty cycle(s)

Elapsed Maintenance
Elemental

maintenance actions

activity/tasks

times
Environment(al)

conditions

factors

stress(es)
Evaluation(s)

Expert system
Exploration phase

Facility (ies)

Failure(s)
analysis
induced

intermittent
mechanism(s)

rate weighted(ing)
rate(s)

reporting
simulation

symptoms
False alarm(s)

rate(s)

Fault coverage
Fault detection

Fault(s)
correction
dictionaries
equivalence(ing)
inducement
insertion methods
isolatable
model
sampling
selection
signature
simulation(s)

simulator(s)
Faulty logic model

Page Number

3-6, 4-12, 4-15, 4-26, B-3

4-13

B-73, B-74

4-25

2-5,2-7, 3-7, A-6, E-1, E-6
4-46, 4-50, 4-53 to 4-58, 4-63, 4-
64

B-16

(E)
4-32

D-30, D-31
D-11, D-13, D-16

D-27, D-29

2-6,2-10, 4-2, 4-6,4-11, 4-16,
4-19, 4-21, 4-23, 4-32, 4-42, 4-
53,4-62, A-7, A-12, B-8, B-10,
B-72

4-16, 4-60, D-30

4-6, 4-15

4-16

2-5,4-22, 4-31, 4-41, 4-48, 4-63,
B-1, B-4, B-12, B-64, B-73, E-5

421, 4-25
2-5,E-1, E-3
(F)

2-6, 2-10, 4-2, 4-19, B-11, B-65,
B-77

2-6

4-18, B-4, B-12, B-13, B-68, B-
71

4-16

B-4, B-76

D-14, D-16, D-18

4-13, 4-20, 4-33, 4-40, 4-45, B-
14, B-46, D-3

4-58, 4-65, B-3

B-19, B-64, B-66, B-74, B-76, B-
78, B-80, B-82, B-86

428

4-9, 4-15, 4-34, 4-58, D-7
4-32, 4-43, A-12, A-17, A-19,
B-71, D-8

B-73, B-75, B-73, B-80, B-86
2-2,4-9, 4-13, 4-32, 4-37, 4-42,
4-52,4-58, B-3, B-74, B-82, D-
4,D-21, D-25

D-4, D-25
4-15, 4-38, B-74

B-76, B-80, B-86

B-13, B-19

71

-14, 4-38, 4-43

-73, B-80

-75, B-83, B-86

-19

4-14, B-73

4-15, 4-20, 4-21, 4-23, 4-37, 4-
53, B-74, B-80, B-81, B-82
B-73, B-74, B-77, B-82, B-86
B-75
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Feasibility
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2-5,4-41, 4-45, 4-48, A-5, A-16,
A-21, E-2

Flight-line maintenance 4-46
Form, Fit, Function, & Interface 2-11
Formal demonstration test B-4, B-5
FRACAS 4-58, 4-65
Functional

characteristics 3-6

interchangeability 4-19

levels 4-46

model 4-28, 4-25
Fuzzy Logic 4-28, 4-29, 4-30

(&)

Geometric mean-time-to-repair B-37
Group replacement D-11, D-17
Guide specification(s) (GS) A-3

Guidelines

1-2, 3-7, 4-18, 4-25, 4-31, 4-40,
A-22, B-86

(H)

Hazardous materials
House of Quality
Human

engineering

error

factors

factors analysis

2-7,2-9, 3-7, 4-25
3-2

1-2,2-9, 4-2, 4-9,
4-18, 4-22
2-9,4-22, 4-32, 4-41, A-16 A-17
4-32, 4-41

machine interface 2-9, A-17
models 4-21
resources 4-21, 4-60
senses 2-9, 4-10
@
Inference engine 4-26
Information processing 4-10, 4-21
Inherent
availability 2-2,2-3,B-8
design characteristics 2-4,2-5,4-12

Integrated diagnostics

4-5, A-15, A-17, A-19, A-22

Integrated product development 2-8, 4-21, B-72

Interchangeability
Interface(s)

characteristics
standard(s)
Isolation
capability
effectiveness
FFI
of failures/faults
of malfunctions
requirements
strategies
times
Iterative replacement

4-18, 4-20, A-2, B-68
2-9,2-11, 4-1, 4-11, 4-14, 4-16,
4-17, 4-18, 4-21, 4-22, 4-26
A-3

A2, A3

4-38

4-37

4-14

2-1, 2-9, 4-5, 4-13, 4-38, 4-58
3-6

4-14

4-34

4-15, 4-52

4-5, D-4, D-17, D-28

X)
Knowledge base 4-26
Kolmogorov-Smirnov 4-64

L)
Laboratory environment(s) B-4, B-71

Index-5

Index Term
Lessons learned

Liability issues
Life cycle costs (LCC)
Life cycle phases
Likelihood estimate(s)
Logic partition(s)
Logic(al) fault
Logistic(s)
analysis process
costs
delay
managers
resources
support

Lognormal distribution

Maintainability
allocation
analysis(es)

assessment

concept

data

defined
demonstration(s)
demonstration Plans
demonstration test(ing)
design

elements
engineering analysis
evaluation
expert system
index
inherent
measures
models

needs
objectives
operational
parameters

Maintenance
aids
categories
concept(s)

costs

data

depot level
downtime
elements
environment

flow diagram
intermediate level
level(s)

policy
preventive

Page Number

2-7, 3-1, 3-6, 4-25, 4-34, 4-58,
A-4, A-21, E-6

4-31

See “Costs”

2-5, A-5, B-2, E-1

B-31

B-76, B-79, B-84

B-76

2-4, A-15

2-2

4-12

4-33, A-11, D-2

2-10, 3-7

2-7,4-21, 4-46

2-6, 2-10, 3-1, 3-7, 4-34, B-71,
E-6

4-53, 4-54, B-10, B-28, B-48

M)

4-47 to 4-51

2-10, 4-31, 4-40, 4-53, 4-58, D-
1, E-5

4-51

2-1

4-58, 4-60, B-3

2-1

3-6, 4-53, B-5, B-14, B-71
B-20

B-5,B-7, B-14, B-23

2-5,2-8, 4-3, 4-18, 4-26, 4-33,
A-15, E-6

4-1, Appendix E

B-1

4-32, 4-53, B-65

4-21, 4-25

B-5, B-9, B-11, B-21, B-27
2-1, 2-8, 2-10, 3-1, 4-60
2-2,4-42

4-32, 4-43, 4-53, 4-58

3-1

1-1, 4-4, 4-48

2-2,2-10, 4-60

4-33, 4-47, 4-51, 4-53, 4-56, 4-
64, B-1, B-64, B-69, D-3, D-20,
D-29

3-6 4-24

4-7, 4-46

4-4,4-34, 4-44, A-22, B-2, B-65,
B-70, D-3, D-10, E-3, E-5

See “Costs”

4-60, 4-62

4-5,4-47

4-47, B-25, B-39, B-45, B-67
D-11

B-2, B-3, B-5, B-10, B-20, B-64,
B-72, D-8, D-21

D-20, D-25, D-27

4-4, 4-6, 4-13, 4-47

2-1, 3-1, 4-4, 4-12, 4-16, 4-19,
4-32,4-35, 4-42, 4-45, 4-47, 4-
53, B-2, B-5, B-8, B-14, B-64, B-
71, D-2, D10

2-4,3-7

2-4,3-5,4-5, 4-47, 4-51, 4-60,
4-65



Index Term

Maintenance (continued)
requirements

source data

task

task sample(s)

task selection

task times
Malfunction(s)
Man-machine interface
Management
Manual fault isolation
Manufacturability
Manufacturing

capability

data

development

process standards

processes
Material disposal
Materials

Maximum likelihood estimate
Mean corrective maintenance

Mean downtime(s)

Mean preventive maintenance
Mean repair time
Mean-time-to-repair (MTTR)

Measures

Milestone(s)

Military
-unique items
customers
procurement
products
solicitation
specification(s)

standardization documents

Mission
capable rate
essential items
objective(s)
readiness
requirement(s)
Mobility
Mock-up(s)
Model-Based Expert System
Modeling
Modifications
Modular replacement
Modules
Monitoring

Natural failures
Neural Networks
Non-destructive inspection
Non-developmental items
Normal
approximation
deviate(s)
distribution
lognormal
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2-6, 4-6, 4-47, A-6, A-12, A-15,
A-17, A-20
4-5
2-4, 4.7, 4-41, 4-43, 4-53
B-12, B-18
B-18, B-19, B-22
B-4, B-14, B-36, B-57, B-61
3-6,4-34, B-11, B-19
2-9, E-6
,4-1, A-5, A-22, B-22, B-65
-24, D-27

P
—_

, A-6

,4-62, B-72

2-5, A-6, E-1, E-5

A-4

2-10, 3-7, A-4 A-13

2-9, E-6

4-6, 4-18, 4-23, 4-25, A-2, A-9,
A-21,E-2, E-6

B-31

4-47,B-5, B-21, B-26, B-28, B-
57

2-4,4-47, A-11, B-3, B-25
4-42, 4-47, A-19, B-26, B-57
D-5, D-20

2-3, 4-15, 4-42, 4-47, 4-50, B-1,
B-3, B-5, B-37

2-2, 4-15, 4-32, 4-42, 4-60

A-5, A-22, E-1, B-2

1-
D
2-9
2-8,
3-5
4-5

A-3

2-7,2-11, A-7, A-11
A-8

E-6

A-8

A-1, A7

A-1

4-32

4-19

B-7, B-10

4-15

2-7, B-65

2-10, 4-11
4-21,4-23, 4-41, 4-62, B-3, B-11
428

3-1, 4-21, 4-38

4-16, 4-33, 4-41, A-6, B-11, E-6
4-46

4-4, 4-15, 4-38, 4-47

3-6, 4-9, 4-48, 4-62, B-11 B-75,
D-22
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B-12

4-25, 4-29
A-16
4-1,4-5, A-7

B-33
B-24, B-27, B-31, B-44
4-53,4-55, B-25, B-43
4-46

Index-6

Index Term

O&M Costs
Obsolescence
OC curve
Off-the-shelf
On-condition
Operating
concept

environment(s)

Operational
assessments
availability
checks
constraints
data
effectiveness
environment

life
maintainability

maintenance concept

needs
performance
readiness
ready rate
requirement(s)
status

support
test(ing)

Page Number
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See “Costs”

2-10, 3-7

B-29, B-30, B-32, B-36, B-54
2-11, 4-1, 4-5, 4-19

4-5,4-9

4-9, A-9, A-20
A-12, A-20, D-8

A-6, E-6
2-2,2-3,2-4, B-8

4-44

B-6

A-12, B-67

B-7

2-6, 4-6, 4-32, 4-42, 4-53, B-
42, B-64

4-6

2-2, 2-10, 3-1, 3-2, 4-60, A-6,
A-21, E-5

4-44

4-3

3-6, A-21

2-4, 4-4, B-39

B-39

4-3,B-10, B-39

4-6,4-9

2-5, A-6, E-1, E-6

2-6, A-6, B-4, B-64, B-5

Organizational maintenance level 4-4, B-5, B-8, B-13, B-71

Ownership costs
Partitioning
Performance
capabilities
characteristics
checks
data
models
monitoring
requirements

specification(s)

Performance-based
document
requirements
specifications

Personnel requirements

Personnel training
Prediction(s)
ground rules

methods(ologies)

model(s)
parameters
procedures
process(es)
purpose
requirements

software program

Preliminary
design data

Design Review

estimates
modeling
validation

See “Costs”
4-13, 4-30, B-80

4-21

4.4, A2, A-15

4-4

4-45,4-58, 4-65, B-72
4-22

4.9, D-22

2-10, 3-5, 4-3, 4-22, A-17
451, A-1

A-2

A-11

A-2, A-7

4-32, 4-65

2-6

4-45, A-17, E-5

D-11

1-2, 4-46, Appendix D
B-3, Appendix D
D-11

4-46, A-22, Appendix D
4-43, 4-45

D-2

D-10, D-20

4-65

D-5
4-3
A-23
E-3
B-65



Index Term

Preventive
maintenance tasks
measures
versus corrective

Probability

Process Action Team

Process standards

Procurement package

Procurement specification

Product
defined
design
design teams
development

life cycle
Production
equipment
facility
Readiness Review
reliability
Program
definition
development
objectives
schedule
stability
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B-25, B-58

4-5

4-5,4-6

4-6, 4-28, 4-43, 4-46, 4-54
A-1

A-4

A-11, A-15

B-6, B-21

1-1

3-2, 4-10, 4-17, 4-53

4-26

1-1, 2-8, 4-1, 4-6, 4-21, 4-52,
4-58

E-1

4-62

A-5

INDEX

Index Term

Replaceable unit(s)
Replacement concept
Resolution (FI)
Retest OK
Retirement phase
Reviews, Types and Purpose
Risk(s)

assessment

levels

reduction
Root causes
Rule-based expert system
Run-to-failure

Safety

analyses
concerns
considerations
Sampling
method
plans
procedure(s)
tasks
Scheduled maintenance

Page Number

2-9, 4-5, 4-14, 4-44, B-13
D-3, D-10, D-21, D-28
B-71, D-3, D-11, D-16
4-13, 4-15, B-71

(S)

2-1,2-6, 29, 3-7, 4-9, 4-17, 4-
24, 4-53

A-17

B-4

4-34, 4-41, 4-44

B-86
B-34
B-12, B-19, B-75, B-83
B-22

4-4,4-7,4-32, 4-61

Proof-of-concept demonstrations E-3 Secondary failure(s) 4-35, B-22, B-68
Proposal(s) 1-1, 2-11, 4-1, A-9, A-14, A- Sequential
21,B-42 logic model B-78
Prototype/Prototyping 3-6, 4-21, 4-47, 4-53, 4-62, A- probability ratio B-50
6, B-3, E-3 test methods B-18, B-22
Provisioning 4-60, B-70 tests B-22, B-50
Service life 2-5,2-7, E-2, E-6
Q) Simulation 3-1, 3-6, 4-15, 4-21, 4-23, 4-37,
4-53, 4-58
Qualitative Simulator(s) B-73, B-82, B-86
C{laracterlstlcs ‘];-54 1, B-1 Skill levels 2-1, 3-1, 4-10, 4-16, 4-42, 4-45,
elements - 4-62
requirement(s) 4-34, 4-41, 4-44, B-65 Software
Quality ) 2-2,2-6,4-2,4-51, A-5 designs 4-3
Quality Function Deployment 3-2 development 4-47
Quantitative 4-3,B-1 faults B-72
data ?-;14 maintainability A-22
measures - maintenance 2-6
parameters B-1 requirements 4-3
requirements 3-2,4-34, 4-41, 4-42, A-19, B- Specifications Review 4-3
20, B-58 standards 421, 4-23
Solicitation package A-6
(R) Spare(s) 2-4,2-6,3-5, B-8, B-65, B-69
Random sampling B-12, B-15, B-18 parts 3-1,4-33, 4-46
RCM 4.7 procurement 2-10
Redundant(cy) 4-6 ' requirements 4-32
Reject criteria A-23,B-20, B-59, B-61, B-62 Sparing 2-10, B-71, E-6
Reliability Star?dgrdlzatl'()r{ 4-18
analyses 2-4,4-34, 4-53 Statlstlcs/StguSncal
Centered Maintenance See “RCM” analysis methods 4-62, 4-64
growth test(ing) 4-52 filstrlbutlon 4-53 to 4-58, 4-63
Repair inference 4-62
actions 4-54, 4-58 methods aqd te_s_ts 4-50, 4-63
analysis 4-32 Steady-stqte availability B-9
capability 4-6 Stratification _ B-13, B-19
data 4-58 Stress' Measurement Device 4-9,4-16
facility(ies) 4-5 Suppher(s) 2-5, 2—10, 3—6, 4-1, 4-4, 4—6, 4-
parts 2-6, 4-19 22, 4-48, 4-50, 4-65
shop 22, 4-62 Supply 2-1,2-3, 4-19, 4-32, B-39, B-65,
times 3-6, 4-33, 4-46, 4-54, 4-58 B-69

Index-7



Index Term

Support
analysis
concept(s)
costs
disciplines
elements
environment
equipment

facilities
personnel
phase
requirements
Supportability
System(s)
design
diagnostics
downtime
engineering
life cycle
specifications
testing

Task
analysis
group(s)
sampling
selection

times

Teams (IPDTs)
Tear-down analyses
Technical manuals
Telepresence
Test(ing)
effectiveness

formal maintainability

objectives
plans
types
Testability
analysis
analyzer
defined
demonstration
design
handbook
metrics
verification
Trade-offs

Trade/Tradeoff studies

Training

Troubleshooting

Undetectable fault(s)

Uniform distribution
Unit replacement
Useful life
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4-34, E-6

2-10, 4-4, 4-9, 4-32, A-9, A-20
See “Costs”

2-8

B-65

4-6, 4-53, A-20, B-2, B-64
2-4,2-6, 2-10, 4-12, B-65, B-68,
B-70

4-19, E-6

2-6, 2-10

2-5, E-6

2-10, 4-16, 4-31

3-1, 4-21, 4-33

2-9, 4-39

4-15, B-71

4-33

1-1, 3-1, 3-5, 4-13, 4-22, 4-43
B-2

A-1, A-3

2-5

(T)

B-4
B-13, B-15, B-18

B-12, B-22, B-66

B-19, B-22, B-37, B-58, B-61,
B-66

B-4, B-13, B-57, B-61, D-3, D-
28

4-26

2-7, E-6

2-10, B-65, B-68

424

4-16, 4-17

4-52

4-52, B-64

3-6, Appendix B
4-52

4-15, 4-32, 4-34, 4-37 to 4-41
4-38

2-1,2-9, 4-12

Appendix B

4-13, 4-40, Appendix C

4-40

B-71

Appendix B

2-2,2-4,2-10, 4-17, 4-43
2-5,4-4,4-31, 4-45, A-18, A-22
E-3

2-1, 2-4, 2-6, 2-10, 3-1, 3-6, 4-
12, 4-16, 4-19, 4-25, 4-30, 4-46,

INDEX

Index Term

Virtual mock-ups

Virtual Reality
application of
environment
mockups
simulation

types
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APPENDIX C
DESIGN GUIDELINES
C.1 Scope

This Appendix is an essential part of MIL-HDBK-470A. The information contained herein is
intended for guidance only. This Appendix is for guidance only and cannot be cited as a
requirement. If it is, the contractor does not have to comply.

C.2 Introduction

Although quantitative measures are used extensively to evaluate the maintainability of a design as
it evolves, much of the "art" of designing for maintainability involves the application of tried and
true design criteria or guidelines. This appendix includes several hundred such guidelines; some
are generic and applicable to all types of products, while others are applicable to specific types
of products. Guidelines are provided for the categories of product characteristics, subsystems,
equipment, and components shown in Table C-I.

TABLE C-1. Categories of Product Characteristics Subsystem, Equipment,
and Components.

2.01 Accessibility 3.03 Structure

2.02 Fasteners 3.03.01 Radomes

2.03 Human Factors 3.03.02 Drains & Vents

2.04 Mating and Connections 3.06 Avionics & Electronics

2.05 Standardization and Interchangeability 3.06.01 Antennas, Apertures, & Sensors

2.06 Simplification 3.06.02 Communications, Command & Control
2.07 Modularization 3.06.03 Computers

2.08 Testability and Diagnostics Technique 3.06.04 Power Supply

2.08.01 System Testability Design 3.06.05 Information Systems

2.08.02  System/Subsystem BIT/BITE 3.07 Environmental Control, Air Conditioning, and
2.08.03  Module Level Testability Guidelines Pressurization

2.09 Module BIT/BITE

2.09.01  General BIT

2.09.02  General BIT Techniques

2.10 Inherent Testability Design Checklist
2.11 Preventive Maintenance

2.11.01 Environmental Factors

3.01 Connections

3.01.01 Plumbing, Hoses, Fittings, & Quick
Disconnects

3.01.02 Wiring, Connectors, & Fiber Optics

3.01.03 Coaxial Connectors & Wave Guides

3.01.04 Control Rods, Cables, & Controlex Concept

3.02 Power

3.02.01 Engines (Gasoline & Diesel)

3.02.02 Engines (Turbine-driven)

3.02.03 Transmissions, Clutches, & Rotors

3.02.04  Auxiliary, Secondary, & Emergency Power

3.02.05 Gear Boxes & Drives

3.02.06 Exhaust Exits, Nozzles, & Outlets

3.02.07 Inlets & Inlet Ducts

3.02.08 Electrical

3.07.01 Oxygen Systems

3.08 Armament & Explosives

3.08.01 Armor

3.08.02 Weapons, Guns, Flares, Chaff, & Cannon

3.08.03 Cartridge Actuated Devices, Shaped Charges,
Detonating Cord, & Pyrotechnic Devices

3.09 Fluid Systems

3.09.01 Fuel Systems, Tanks, Containers, Pumps, Trucks,
& Bladders

3.09.02 Pneumatic Systems & Pumps

3.09.03 Hydraulic Systems, Tanks, Pumps, Accumulators,
& Reservoirs

3.10 Wheels & Related

3. Tracks

3. Wheels, Tires, & Brakes

3. Landing Gear & Alighting Gear

3. Skids & Floats

3.10. 05 Hooks & Catapults

3.11 Personnel Equipment

3.11.01 Oxygen Systems, Masks, Controls, & Containers

3. Personnel Protective Garments & Equip

3. Flotation Equipment

3. Parachutes
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TABLE C-1. Categories of Product Characteristics Subsystem, Equipment,
and Components. (continued)

3.12 Low Observable Technologies 3.14 Test & Diagnostics
3.13 System Support 3.14.01 Non-destructive Test & Inspection
3.13.01 Support & Ground Handling Equipment 3.14.02  Built-in Test & Built-in Test Equipment
3.13.02  Cleaning & Decontamination 3.14.03  External Test Equipment
3.03.03 Crew Stations, Crew Cabs, Cockpits, & 3.15 Man-Machine Interfaces
Personnel Enclosures 3.15.01 Displays & Instrumentation
3.03.04  Access Doors, Panels, & Openings 3.15.02 Service, Caution, Warning, & Advisory Lights &
3.03.05 Windshields, Windows, Canopies, & Optics Indicators
3.03.06 Structures, Airframes, Bodies, Chassis, & Hulls|3.15.03 Data Entry
3.03.07 Cargo Holds, Storage Bays, & Storage 3.15.04 Controls
Compartments 3.15.05 Access
3.03.08 Weapon Bays, Racks, Compartments, Pylons, |3.16 Equipment Decontamination
Housings & Turrets 3.17 Survival Equipment
3.03.09 External & Parasitic Tanks Pods, Containers, |3.17.01 Survival Packs
& Devices 3.17.02 Dinghies, Boats
3.03.10 Personnel Seats (Crew & Passenger), Ejection |3.17.03 Pods & Capsules
Seats, Benches, & Chairs 3.17.04 Backpacks
3.03.11 Materials, Treatments, Coatings, & Finishes 3.18 Tools
3.04 Control 3.18.01 Standard and Special
3.04.01 Steering & Directional Control 3.19 Miscellaneous
3.04.02  Flight Control Systems & Air Cushion 3.19.01 Extinguishing Agents, Containers, Controls, &
Systems Devices
3.04.03 Thrusters 3.19.02  Safe/Arm Devices
3.05 Mechanisms 3.19.03 Anti-ice, De-fog, De-ice, &, Windshield Cleaning
3.05.01 Bellcranks, Pivots, Mechanical Advantage Systems
Devices, Shift Devices, Ratio Changers, 3.19.04 Chemical, Biological, & Nuclear Environments &
Bulkhead/Firewall Penetrators, etc. Protection

Most of the design guidelines presented in this appendix were developed over many years
experience gained by McDonnell Douglas in designing aircraft, helicopters, and vehicles, and the
various subsystems and components used in these products. Some guidelines were recommended
by design and maintainability engineers from various companies and professional societies and
associations who reviewed the early drafts of the appendix. Few, if any, of the guidelines are
absolutes that must or can be followed in every case. Other requirements, as discussed in MIL-
HDBK-470A, such as manufacturing considerations, may make it impractical to incorporate
certain guidelines even when they may be desirable from a maintainability perspective.

Each guideline is presented with a brief explanation of its purpose. For example, consider
guideline Number C-1:

Avoid swivel type connectors and fittings for air, fuel, and hydraulic line interfaces
due to their history of low reliability.

This guideline does not prohibit the use of swivel type connectors and fittings. However, if
used, some action must be taken to avoid the problem of low reliability encountered in the past.
Also, if a trade is to be made, whatever advantages might be obtained through the use of swivel
connectors would have to be weighed against its historically low reliability (and the
correspondingly high maintenance rate). Indeed, design guidelines allow realistic trade-offs to be
made among the various design considerations (i.e., maintainability, other performance,
requirements, manufacturability, safety, etc.).

C-2
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C.2.1 Use of the Guidelines.

Each guideline is assigned an alphanumeric "number"; the alpha prefix denotes the type of
equipment, subsystem, or area to which the guideline primarily applies. See Table C-II for an
explanation of these alpha prefixes'. The numeric suffix is simply a randomly assigned sequential
number. The guidelines are first listed by their alphanumeric number in ascending order. Then,
each category from Table C-I is listed and all guidelines that apply to that category are listed.
The exception are the general human factors guidelines which, since they apply to nearly all
categories, are listed only under 2.03 Human Factors.

TABLE C-I1. Alpha Prefixes for Guidelines.

Abbrev. Meaning Abbrev. Meaning
AA&S Antennas, Apertures, and Sensors HOOK Hooks, and Catapults
ACS Air Cushion Systems HYD Hydraulic Systems, Tanks, Pumps,
ARM Armor Accumulators, and Reservoirs
BIT Built-in-Test IN Inlets and Inlet Ducts
BIT-M Module BIT IN(V) VTOL Top Mounted
BIT/BITE |Built-in Test and Built-in Test Equipment  [[LG Landing Gear and Alighting Gear
C Plumbing, Hoses, Fittings, and Quick LO Low Observable Technologies
Disconnects MATL Materials, Treatments, Coatings, and Finishes
CARGO [Cargo Holds, Storage Bays, and Storage MC Mating and Connections
Compartments MG Mechanical Guidelines
CBR Chemical, Biological, & Nuclear MP Mechanical and Physical Guidelines
Environments & Protection NDI Non-destructive Test and Inspection
CC Cabling and Connections oxXY Oxygen Systems
CO Computers P Access Doors, Panels, and Openings
CONT Control Rods, Cables, and Controlex Concept| PERS Personnel Equipment
CREW Crew Stations, Crew Cabs, Cockpits, and PYRO Cartridge Actuated Devices, Shaped Charges,
Personnel Enclosures Detonating Cord, and Pyrotechnic Devices
D&V Drains and Vents R Radomes
EC Electrical Connectors SABCH |Structures, Airframes, Bodies, Chassis, and
ECS Environmental Control, Air Conditioning, Hulls
and Pressurization SAFE Safe/Arm Devices
EDECOM (Equipment Decontamination SE Support and Ground Handling Equipment
EG Electrical Guidelines SEAT Personnel Seats (Crew and Passenger),
ENG Engines (Turbine-driven) Ejection Seats, Benches, and Chairs
ENG(G) |Engines (Gasoline and Diesel) SI Simplification
ENV Environmental Factors SKID Skids and Floats
EXH Exhaust Exists, Nozzles, and Outlets SURV Survival Equipment
EXT External and Parasitic Tanks, Pods, T Thrusters
Containers, and Devices TCR Transmissions, Clutches, and Rotors
EXTING |Extinguishing Agents, Containers, Controls, [[TOOLS [Tools
and Devices TP System Test Points
F Fasteners \% Wiring, Connectors, and Fiber Optics
FI Fault Isolation WBAY Weapon Bays, Racks, Compartments,
FUEL Fuel Systems, Tanks, Containers, Pumps, Pylons, Housings, and Turrets
Trucks, and Bladders WIND Windshields, Windows, Canopies, and
GBD Gear Boxes and Drives Optics
HF Human Factors WT&B Wheels, Tires, and Brakes

" Note thay there is not a one-to-one correlation between the prefixes and the categories shown in Table C-I.
Initially, as the guidelines were developed, it was thought that each category would have unique guidelines. This
did not turn out to be the case and many guidelines apply to more than one category. Dropping the prefix and just
numbering the guidelines was considered but it was felt that having some categorization of guidelines would make
the addition of new ones easier, so the prefix was retained.
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The guidelines are most helpful if the following steps are followed.

e Screen guidelines for applicability prior to initiating conceptual layouts to assure the
maximum degree of proactivity.

* Screen guidelines on an iterative basis as the level of design detail increases.

* Make those guidelines applicable to a specific type of product, wherein ignorance of the
guideline might result in vehicle accident/loss, personnel death or injury, collateral
damage, or seriously detract from performing the function or mission, the subject of
special project awareness prior to exiting the conceptual design phase.

Once the type of product is established, and the appropriate guidelines are identified, efforts
should be directed to translating each guideline into specific quantitative and qualitative "design
to" criteria. As technology changes, the maintainability guidelines must be revised, expanded, and
otherwise kept current. Users of this appendix are encouraged to keep their own tailored list of
design for maintainability guidelines.

Many of the guidelines refer to line-replaceable units (LRUs), shop-replaceable units (SRUs),
weapon-replaceable assemblies (WRAs), and shop-replaceable assemblies (SRAs). The former
are terms used within the US Air Force, and the latter used within the US Navy. LRU and WRA
refer to items that are repaired in place or replaced on the end product (e.g., the aircraft, tank,
truck, etc.). SRU and SRA refer to items that must be repaired off of the end product, usually at
some level of maintenance called intermediate, shop, or depot.

Two terms used in the guidelines may not be familiar. These terms and their definitions are:

Parasitic -  Parasitic is a term used in connection with structure, armor, patches and repairs,
and tanks. Parasitic structure or armor is structure or armor that is bolted or
scabbed in place. A parasitic patch or repair is one that is scabbed in place and
is not flush with the surrounding surface. A parasitic tank is a conformal or
pallet tank.

Hard point -  Structural attachment and load bearing area. Used to mount equipment or
external stores or weapons, or for jacking or supporting a structure.

C.2.2 Special Guidance.
C.2.2.1 Testability.

Many of the testability and diagnostics guidelines in Sections C-3 and C-4 have been excerpted
from RL-TR-92-12, TESTABILITY DESIGN GUIDE RATING SYSTEM: Testability Handbook,
dated February 1992. In addition, that document provides the following general guidance
regarding testability and diagnostics.

C-4
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Redundancy - Built-in-Test (BIT) can be implemented by repeating the functional circuitry (the
redundancy) to be tested by BIT. The same functional signal(s) is input into the redundant
element and Circuit Under Test (CUT). Therefore, the circuitry of the CUT exists twice in the
design and the outputs can be compared. If the output values are different and their difference
exceeds a limit (analog circuits), then a fault exists. Due to the expense of this technique,
redundant BIT design is usually implemented only in critical functions

An example of a BIT design using redundancy is shown in Figure C-1. In this example, an analog
circuit is repeated and the difference between the output levels is compared. If the difference
exceeds a predefined threshold, then a fault signal is generated and latched.

v

— CUT

L4
_'| Redundancy

reset

Differential Window Fault L,
Amplifier Comparator Latch

FIGURE C-1. Redundancy BIT (source: RADC-TR-89-209, Vol. II).

Wrap-around BIT - Wrap-around BIT requires and tests microprocessors and their input and
output devices. During test, data leaving output devices is routed to input devices of the module.
The BIT routine is stored in on-board read-only memory (ROM). Wrap-around can be done by
directing output signals from the processor back to the input signals and verifying the input
signal values. Wrap-around BIT can be applied to both digital and analog signals concurrently.
An example of wrap-around BIT testing both analog and digital devices is shown in Figure C-2.
In this example, during normal operation processor outputs are converted from digital to analog
outputs and analog inputs are converted to digital input signals. When the BIT is initiated, the
analog outputs are connected to the analog inputs and the signals are verified by the processor.

The remainder of RL-TR-92-12, Volume I, provides detailed guidance on testability design
techniques and structured test techniques for the categories of part types and technologies shown
in Table C-III on the following page.

In addition to the practical design guide information found in RL-TR-92-12, Volume I, Appendix
B of MIL-HDBK-2165, Testability Program For Systems And Equipments, provides an Inherent
testability checklist. It is reprinted here, in a slightly different format, as Table C-IV. Refer to
MIL-HDBK-2165 for further guidance on testability program planning.

C-5
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Memory

—>»| Microprocessor D/A T»
Analog
ROM T Switch
BIT
Routines
g —— A/D -] — ¢
L

FIGURE C-2. Wrap-around BIT (source: RADC-TR-89-209, Volume II).

TABLE C-II1. Categories of Part Types and Technologies from RL-TR-92-12, Volume 1.

Digital Guidelines

» Very Large Scale Integration (VLSI)

» High Power Guidelines

O Initialization

O Visibility

O Controllability

[0 Functional Elements

Microprocessors and Support Chips

U Microprocessor/Microcontrollers

0 Complex Instruction Set
Computer (CISC)
Microprocessors

0 Reduced Instruction Set
Computer (RISC)
Microprocessors

LSI Based CCAs

Visibility

Controllability

Synchronization

Initialization

Partitioning

Self-tests

Device Standardization
Standard LSI/VLSI Guidelines
Structured LSI/VLSI Guidelines

Ooooooooogd

0 Regulated Power Supplies

0 Corona and Electric Arcing

0 High Voltage/High Current

Circuits

U High Power

O General High Power Module
Techniques

* Electro-Optic Guidelines

Human/Hardware Interaction

Hydraulic UUTs

Pneumatic UUTs

Electric Drive UUTs

General Mechanical Components

Oooooo

Transputers (INMOS CORP)

Memory and Programmable

* Incircuit Test and Testability

Bit Slice Microprocessor

Single Chip/Embedded
Microcontrollers

Digital Signal Processors (DSP)
and Others

Future Processors (General)
Microprocessor Support Chip
Testability

Structured Design-For-Test
Techniques
O Structured LSI/VLSI
¢ Level Sensitive Scan
Design
Scan Path
Scan/Set Logic
Random Access Scan
Built-in Logic Block
Observation (BILBO)
0 Boundary Scan
U Scan/Boundary Scan Testability
Guidelines

OO O |

SO O

U General Memory Guidelines
O Memory and PLD Techniques
and Guidelines
O Generic Memory Techniques
and Guidelines
U Software Techniques Used for
Memory Testability
Analog Testability Guidelines
U General Guidelines
O Specific Guidelines
¢  Low Frequency Linear and
Pulse Circuits
¢ Data Conversion Circuits
¢ Monitoring and Control
Circuit

Philosophy
Advantages and Limitations
ICT Program Generation
Testability Problems
Incircuit Testability Rules
BIT/BITE
Impulsive UUTs
Software Testability Guidelines
General "Other" Guidelines
» High Frequency Guidelines

O Linear and Pulse Circuits

0 Microwave Guidelines

0 MMIC Guidelines

OoOoooooood
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TABLE C-1V. Inherent Testability Checklist.

Mechanical Design Checklist (for electronic designs)

Is a standard grid layout used on boards to facilitate
identification of components?

Are the number of I/O pins in an edge connector or
cable connector compatible with the I/O capabilities of
the selected test equipment?

Are connector pins arranged such that the shorting of
physically adjacent pins will cause minimum damage?
Is the design free of special set-up requirements
(special cooling) which would slow testing?

Does the item warm up in a reasonable amount of
time?

Has provision been made to incorporate a test-header
connector into the design to enhance ATE testing of
surface-mounted devices?

Is defeatable keying used on each board so as to reduce
the number of unique interface adapters required?

Is each hardware component clearly labeled?

Are all components oriented in the same direction (pin
1 always in same position)?

Does the board layout support guided-probe testing
techniques?

When possible, are power and ground included in the
I/O connector or test connector?

Have test and repair requirements impacted decisions
on conformal coating?

Is enough spacing provided between components to
allow for clips and test probes?

Partitioning Checklist (for electronic functions)

Is each function to be tested placed wholly upon one
board?

Within a function, is the size of each block of circuitry
to be tested small enough for economical fault
detection and isolation?

Is the number of power supplies required compatible
with the test equipment?

If more than one function is place on a board, can each
be tested independently?

If required, are pull up resistors located on same board
as the driving component?

Is the number and type of stimuli required compatible
with the test equipment?

Within a function, can complex digital and analog
circuitry be tested independently?

Are analog circuits partitioned by frequency to ease
tester compatibility?

Are elements which are included in an ambiguity
group placed in the same package?

Test Control Checklist

Are connector pins not needed for operation used to
provide test stimulus and control from the tester to
internal nodes?

Is it possible to disable on-board oscillators and drive
all logic using a tester clock?

Is circuitry provided to by-pass any (unavoidable) one-
shot circuitry?

In microprocessor-based systems, does the tester have
access to the data bus, address bus and important
control lines?

Are active components, such as demultiplexers and
shift registers, used to allow the tester to control
necessary internal nodes using available input pins?
Can circuitry be quickly and easily driven to a known
initial state? (master clear, less than N clocks for
initialization sequence)?

Can long counter chains be broken into smaller
segments in test mode with each segment under tester
control?

Can feedback loops be broken under control of the
tester?

Are test control points included at those nodes which
have high fan-in (test bottlenecks)?

Are redundant elements in design capable of being
independently tested?

Can the tester electrically partition the item into
smaller independent, easy-to-test segments? (placing
tri-state element in a high impedance state).

Have provisions been made to test the system bus as a
stand-alone entity?

Are input buffers provided for those control point
signals with high drive capability requirements?

Parts Selection Checklist

Is the number of different part types the minimum
possible?

Is a single logic family being used? If not, is a
common signal level used for interconnections?

Have parts been selected which are well characterized
in terms of failure modes?

Are the parts independent of refresh requirements? I
not, are dynamic devices supported by sufficient
clocking during testing?
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TABLE C-IV. Inherent Testability Checklist. (continued)

Test Access

Are unused connector pins used to provide additional
internal node data to the tester?

Are test access points placed at those nodes which
have high fan-out?

Are active components, such as multiplexers and shift
registers, used to make necessary internal node test
data available to the tester over available output pins?
Are signal lines and test points designed to drive the
capacitive loading represented by the test equipment?
Are buffers employed when the test point is a latch and
susceptible to reflections?

Are all high voltages scaled down within the item
prior to providing test point access so as to be
consistent with tester capabilities?

Are test points provided such that the tester can
monitor and synchronize to onboard clock circuits?
Are buffers or divider circuits employed to protect
those test points which may be damaged by an
inadvertent short circuit?

Is the measurement accuracy of the test equipment
adequate compared to the tolerance requirement of the
item being tested?

Analog Desig

n Checklist

timing-related stimuli required?

Is one test point per discrete active stage brought out
to the connector?

Are circuits functionally complete without
networks or loads on some other UUT?

Is a minimum number of complex modulation or
unique timing patterns required?

Are response rise time or pulse width measurements
compatible with test capabilities?

Does the design avoid or compensate for temperature
sensitive components?

Is each test point adequately buffered or isolated from
the main signal path?

Is a minimum number of multiple phase-related or

bias

Are stimulus
capabilities?
Are stimulus amplitude requirements within the
capability of the test equipment?

Does the design allow testing without heat sinks?

Are multiple, interactive adjustments prohibited for
production items?

frequencies compatible with tester

Is a minimum number of phase or timing
measurements required?
Do response measurements involve frequencies

compatible with tester capabilities?
Does the design avoid external feedback loops?
Are standard types of connectors used?

RF Design Checklist
* Do transmitter outputs have directional couplers or|+ Have RF compensation procedures and data bases been
similar ~ signal  sensing/attenuation  techniques established to provide calibration of all stimulus

employed for BIT or off-line test monitoring purposes,
or both?

Has provision been made in the off-line ATE to
provide switching of all RF stimulus and response
signals required to test the subject RF UUT?

Are the RF test input/output access ports of the UUT
mechanically compatible with the off-line ATE I/O
ports?

Have adequate testability (controllability/
observability) provisions for calibrating the UUT been
provided?

If an RF transmitter is to be tested utilizing off-line
ATE, has suitable test fixturing (anechoic chamber)
been designed to safely test the subject item over its
specified performance range of frequency and power?
Have all RF testing parameters and quantitative
requirements for these parameters been explicitly stated
at the RF UUT interface for each RF stimulus/
response signal to be tested?

Has the UUT/ATE RF interface been designed so that
the system operator can quickly and easily connect and
disconnect the UUT without special tooling?

signals to be applied and all response signals to be
measured by BIT or off-line ATE to the RF UUT
interface?

Have suitable termination devices been employed in
the off-line ATE or BIT circuitry to accurately emulate
the loading requirements for all RF signals to be
tested?

Does the RF UUT employ signal frequencies or power
levels in excess of the core ATE stimulus/
measurement capability? If so, are signal converters
employed within the ATE to render the ATE/UUT
compatible?

Has the RF UUT been designed so that repair or
replacement of any assembly or subassembly can be
accomplished without major disassembly of the unit?
Does the off-line ATE or BIT diagnostic software
provide for compensation of UUT output power and
adjustment of input power, so that RF switching and
cable errors are compensated for in the measurement
data?

C-8
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TABLE C-IV. Inherent Testability Checklist. (continued)

Electro-optical (EO) Design Checklist

Have optical splitters/couplers been incorporated to
provide  signal  accessibility = without  major
disassembly?

Has temperature stability been incorporated into
fixture/UUT design to assure consistent performance
over a normal range of operating environments?

Have optical systems been functionally allocated so
that they and associated drive electronics can be
independently tested?

Are the ATE system, light sources, and monitoring
systems of sufficient wave-length to allow operation
over a wide range of UUTs?

Does the test fixturing intended for the off-line test
present the required mechanical stability?

Is there sufficient mechanical stability and
controllability to obtain accurate optical registration?
Can requirements for boresighting be automated or
eliminated?

Do monitors possess sufficient sensitivity to
accommodate a wide range of intensities?

Can optical elements be accessed without major
disassembly or realignment?

Do they possess sufficient range of motion to meet a
variety of test applications?

Has adequate filtering been incorporated to provide
required light attenuation?

Can all modulation models be simulated, stimulated,
and monitored?

Can targets be automatically controlled for focus and
aperture presentation?

Do light sources provide enough dynamics over the
operating range?

Do test routines and internal memories test pixels for
shades of gray?

Are optical collimators adjustable over their range of
motion via automation?

Digital Desig

Does the design contain only synchronous logic?

Does the design avoid resistance capacitance one-shots
and dependence upon logic delays to generate timing
pulses?

Is the design free of WIRED-ORs?

Will the selection of an unused address result in a well
defined error state?

Are all clocks of differing phases and frequencies
derived from a single master clock?

Is the number of fan-outs for each board output limited
to a predetermined value? Are latches provided at the
inputs to a board in those cases where tester input
skew could be a problem?

For multilayer boards, is the layout of each major bus
such that current probes or other techniques may be
used for fault isolation beyond the node?

n Checklist

If the design incorporates a structured testability design
technique (scan path, signature analysis), are all the
design rules satisfied?

Is the number of fan-outs for each internal circuit
limited to a predetermined value?

Are all memory elements clocked by a derivative of the
master clock? (Avoid elements clocked by data from
other elements.)

Does the design include data wrap-around circuitry at
major interfaces?

Is a known output defined for every word in a read only
memory?

Are sockets provided for microprocessors and other
complex components?

Does the design support testing of "bit slices"?

Do all buses have a default value when unselected?
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TABLE C-IV. Inherent Testability Checklist. (continued)

Built-in-Test (BIT) Checklist

Can BIT in each item be exercised under control of
the test equipment?

Does the BIT use a building-block approach (all
inputs to a function are verified before that function is
tested)?

Does on-board ROM contain self-test routines?

Does BIT include a method of saving on-line test data
for the analysis of intermittent failures and operational
failures which are non-repeatable in the maintenance
environment?

Is the additional volume due to BIT within stated
constraints?

Does the allocation of BIT capability to each item
reflect the relative failure rate of the items and the
criticality of the items' functions?

Are the data provided by BIT tailored to the differing
needs of the system operator and the system
maintainer?

Is the failure latency associated with a particular
implementation of BIT consistent with the criticality
of the function being monitored?

Is the test program set designed to take advantage of
BIT capabilities?

Does building-block BIT make maximum use of
mission circuitry?

Is the self-test circuitry designed to be testable?

Is the predicted failure rate contribution of the BIT
circuitry within stated constraints?

Is the additional power consumption due to BIT
within stated constraints?

Are BIT threshold values, which may require
changing as a result of operational experience,
incorporated in software or easily-modified firmware?
Are on-board BIT indicators used for important
functions? Are BIT indicators designed such that a
BIT failure will give a "fail" indication?

Built-in-Test (BIT) Checklist (continued)

Is sufficient memory allocated for confidence tests and
diagnostic software?

Are BIT threshold limits for each parameter
determined as a result of considering each parameter's
distribution statistics, the BIT measurement error and
the optimum fault detection/false alarm characteristics?
Is BIT optimally allocated in hardware, software, and
firmware?

Have means been established to identify whether
hardware or software has caused a failure indication?

Is the additional weight due to BIT within stated
constraints?

Is the additional part count due to BIT within stated
constraints?

Is processing or filtering of BIT sensor data performed
to minimize BIT false alarms?

Does mission software include sufficient hardware error
detection capability?

Performance monitoring Checklist

Have critical functions been identified (by FMECA)
which require monitoring for the system operation and
users?

Have interface standards been established that ensure
the electronic transmission of data from monitored
systems is compatible with centralized monitors?

Has the displayed output of the monitoring system
received a human engineering analysis to ensure that
the user is supplied with the required information in
the best useable form?

Diagnostic Capability Integration

Have vertical testability concepts been established,
employed, and documented?
Has the diagnostic strategy (dependency charts, logic

diagrams) been documented?

Has a means been established to ensure compatibility
of testing resources with other diagnostic resources at
each level of maintenance (technical information,
personnel, and training)?

Mechanical Systems Condition

Monitoring (MSCM) Checklist

Have MSCM and battle damage monitoring functions
been integrated with other performance monitoring
functions?

Are preventive maintenance monitoring functions (oil
analysis, gear box cracks) in place?
Have scheduled maintenance
established?

procedures  been

C-10
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TABLE C-IV. Inherent Testability Checklist. (continued)

Sensors Checklist

* Are pressure sensors placed very close to pressure|
sensing points to obtain wideband dynamic data?

* Has the selection of sensors taken into account thel| e
environmental conditions under which they will
operate?

Have procedures for calibration of sensing devices been
established?

Has the thermal lag between the test media and
sensing elements been considered?

Test Requirements Checklist

* Has a "level of repair analysis" been accomplished? .

* For each maintenance level, has a decision been made
for each item on how BIT, ATE, and General Purpose
Electronic Test Equipment (GPETE), will support
fault detection and isolation?

For each item, does the planned degree of testability
design support the level of repair, test mix, and degree
of automation decisions?

Is the planned degree of test automation consistent
with the capabilities of the maintenance technician?

Test Data Checklist

* Do state diagrams for sequential circuits identify|e
invalid sequences and indeterminate outputs?

* For computer-assisted test generation, is the available
software sufficient in terms of program capacity, fault
modeling, component libraries, and post-processing of|
test response data?

» If a computer-aided design system is used for design,
does the CAD data base effectively support the test| e
generation process and test evaluation process?

* Is the tolerance band known for each signal on the
item?

Are testability features included by the system
designer documented in the Test Requirement
Document (TRD) in terms of purpose and rationale for
the benefit of the test designer?

For large scale ICs used in the design, are data
available to accurately model the circuits and generate
high-confidence tests?

Are test diagrams included for each major test? Is the
diagram limited to a small number of sheets? Are
inter-sheet connections clearly marked?

C.2.2.2 Safing and Arming

Failure to properly "safe" or "arm" any of the numerous devices containing safe/arm provisions
has resulted in loss of life, loss of the vehicle, wide-ranging personnel injury, wide-ranging
vehicle/ground equipment damage, non-military liability damage, damage to facilities, ground
aborts, air aborts, and a host of equipment/personnel incidents. The following exemplifies some

of the major cases:

Failure to "Safe":

* Canopy Ground Jettison .

* Ground Release/Jettison of .
Weapons/Stores

* Gun/Missile Firing on Ground .

¢  Uncommanded Extension/Retraction of Tail
Hook

* Flight Control Surface/Ground Equipment
Contact Damage

* Folding Wing Contact Damage with .
Ground Equipment, other Aircraft, or
Facility Structure

Seat Ground Ejection
Collapse/Retraction of Nose or Main
Landing Gear

Uncommanded Opening/Closing of
Weapon Bay Doors During Ground
maintenance/Handling

Flight Control Surface/Access Door
Contact Damage

Flight Control Damage due to Absence of
Gust/Control Locks
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Failure to "Arm":

* Inability to Jettison Canopy

* Inability to Fire/Drop/Launch Weapons
(Air/Mission Abort)

* Failure to Retract Landing Gear (Air Abort)

Inability to Extend Tail Hook

Improper Handling/Stowage of Safe/Arm Devices:

* Engine Foreign Object Damage (FOD)
¢ FOD in Gun System, Throttle Controls,
Escape System Linkage

* FOD/Damage from Pins/Covers in Aft
Cockpit when Flying Solo

Inability to Eject
Inability to Jettison External Store/Pylon

Inability to Retract Speed Brake (Ground
Abort)

Inability to Extend Wings

Flight Control FOD

Damage/FOD in Bay Containing Pin
Stowage Provisions

Aircraft Loss Due to Control Locks



¢l-O

‘Juouiean} pue uonoadsur 10J seare ouoId-uoIsorIod 0} $s990e poo3d ap1aoid pnoys usIsop [eronng

‘suonouny wie/ofes 1o ‘gurpeo|

uodeom ‘SUIOIAIOS [BULIOU }OINSAI IO JudAdId jou Op S9[qed 10 ‘sdens ‘sureqo umop-an jey) yons sjurod juswyoeye umop-on jeoo
"$S9J08

ured 0} [eaowas yuowdinbs 10 Ajquiossesip dAISUIXd 21nbal pnom jey) sedre o[qissdooeul ul sjouueyo Sued o0 soye[dinu 93eo0] J0u 0

"JOQIOY} SUOBUIqUIOD IO “oeq/Auol) ‘WySii/ge] ‘wopoq,doy
SIOJUI PopIS-oM} W) oy ‘syutodprey pue sooejoul juowdinba 03 sseooe 10j pasnbar 9q jou PINOYS SS90 PAJBLINS-0M) IO PIPIS-0M [,

‘s1ou9)sey [oued
(pSudl-19A0) 10doidwr woyy Sunynsar oFewep jusaadid 0) Juruado sseooe oy} woy ysnous Jey suonenouad [2o1100]0 JustIRdWIod 93800

“UOTJBUIWIEBIUOD 1O ‘BUIOIM
‘uryeos pmyy ojeurwife o) pue ‘aredar ‘Surqoid ysSis Jo osed 1oy Juruado s$999€ Ay} 03 9500 suonenauad [eoL3I9[d JudUIEdWOod 9180

"S9[o1YaA punoi3 10y sadofs
ureid) SurkieA pue sopmymie dnels yerone SulAIeA Joj oFeurelp pInjj 2INSud 0} SureIp pInfj juounedwos Jo Joquinu JusIdns B SPIAOI]

‘SUOISINOX? 21MeIddo)-19A0 JO UOT)EIIPUL
Aseo 10J J0suas jeay orerrdordde 10 odey oAnISULS-1BAY UTRIUOO PNOYS JuouIedWOd B UIYIIM QINONNS JANRISUSS drnjeroduwd) 10 jeay Auy

-91q1ssod 10A3uoyM suonenaudd [BIUOZLIOY S "AUI[ AU} IAJUD 0} I2)IRW USFIAI0) MO[[R UBD SUONIIUUO0D yons ‘doj oY) WOIJ SI SS9008 UM
"JoUTBIUTRW 9} OJUO YBJ[ 0} PIN[} MO[[B ULd SUOHOIUUOD PAIUILIO-A[[BOIIOA ‘W0))0q Y} WOIJ ST SS9008 Jusupedwiod USYAy SUOHOdUUOD
PojusLIO-A[eonIoA Sunjealq 0 Sunjewl Ul AJNOLJIP 03 dnp SIXE [BJNIdA B UO 9q jou pnoys juswiredwos e ojur suonenauad Suiqunig

‘Aniqedes

uor1093ap yeo[ prder pue ‘AIIqIsia ‘ANANOd[FI SunygIp szrurxew o0 AIym sso[3 y3iy e siouojur juountedwos pue Aeq juowrdinba jureq
‘syurodprey pauryoew Jo [eo1d£) sredar ysnqg/uear

as1oa1d Jo norp ur aSewep Jo Jeam Jo ased ul Jredar yomb ojqeus 03 onisered oq pnoys sjutodprey ‘red pauryoew oY) yim [RISIUI 9q
jou pinoys 1oddns 1o Sununow juowdimbo ur isisse 0y Juowtedwod e UM (sease urLeaq peo| pue JusuIyoe)e [ernjonns) syurodpiey

-1redas rermonys Jo Aordwrs pue 9ses pue suonenauad [8d1103[9 10 Iy Jo

Kyorpdurs asea 03 (pasodey 10 paddess jou “3-0) ssoudoIy) Jue)suoo & 0) sjoued 2Inso[d pue ‘sqom ‘sourely juowreduwos pouryoew [[e doay]
‘sder) pingy ojeurwI[e 03 JudtIedwod AY) PIEMO) 9OBJINS XIAUOD U} dARY PNOYS

speaq Sutuapng ‘siredor Ajipdwis pue swnjoa juduRIedwod 20UBYUD 0] U)X WNWIXEUW J} 0} SoSuelj JO NIl Ul Speaq Surualns osM)
‘Juoweguelre pue uone[eisul juowdmba 10J ojqerese

QWINjoA A} dzIwIxew 0} judwedwod Y} 0) [BUIIX 9 PINOYS SIdUIPNS pue saduey [ermyonnys juowtedwos pue Aeq juswdmbo [y
‘SIOUQ)SE] [BOIURYOIW JO 9SN Y} SZIWIUI

JO QJBUIWI[S O} JOAIAY) SUONBUIQUIOD IO ‘POUIYOBUL ‘POP[OM ‘PAINO-00 ‘papuoq 9q pInoys aimonns juouniedwos pue Aeq juowdinbyg
UOTJBUILIBJUOOIP JES[ONU JO ‘[B0IS0[01q ‘[ed1oyd 10) pasn spimyj Jo sad4) [[e pue ‘Spinjj 901-op pue d1-nue Jo sadAy

[[B ‘S[OIYDA o1} 10J pasn SpIN[J SUIIAISS JO SadA) [[e SUIpn[our SJUSIO[S [BIUSWUOIIAUS O Jsurese sjuduntedwod pue sAeq juswdmbo jeog

[-v

0r-v

60"V

80V

L0V

90-v

SOV

Y0V

€0V

v

10-v

auIpPpID

sauIpPpIy §o IsI'

D XIANAddV

VOLY-AddH-"TIN

SIdquIn) dUIdPIN



v1-O0

'sounnol J1g orporrad 1o swn-[ng oy Sundroyur
moyim wolsAs sonsoudord oy 0je3olIdUI pue g 9A19[9s deniul A[fenuew 0) Ajfiqeded oy} yim [ouuosiod UOIER)S MAIO IPIAOI]

“uorne)s
M1 oY) UIIM J[qeMIIA pue d[qelo)s dre ejep [euonewojul ad4) smyeys pue ‘eouddiour ‘01301 onsougoid pue onsouderp [[e dInsuyg

11oddns
pUB Q0UBUSJUIEBW PIJEIOOSSE puB SWSIUBYOdW [0oJu0d xo[dwod djeurwure 0} A3ojouyod) Jysi Aq [o1u0d 10 anm Aq [onuod Aojdurg

"SJUSWIUOIIAUD JOJeM/ITE J[Bs ul suonjerddo paurelsns Jo d[qedeo are Ay} 0S WISAS [01U0D UOIYSND Ire 33 dn Surjewr suWd [[e udIso(

‘syuowoambax
oFe10)s [eroads 10 JJI-Joys pauruejopaid ' 03 303[qns jou are A9y} OS S QU JOJ S[ELIOJRW J09[dS pue syy Jredor s uSsog

‘sjeardiul oy Sunerado
10 Iepuoled pouruielepaid je juowooe[dar panpayos 10 suonodadsur [ensia juonboy Surimboar £Aq Ayjiqerjor Y3y sAdryoe 03 A1y jou og

“JIWI| UOISBIge WNWIXBW 24} AJIUapI A[Ipeal 01 SUDYs ul A[d1ojul papo9-10[09 & djerodioou]
‘uonededoid 1e9) Juoadid 0y pue sdur pue s1e9) JIWI| 0} UOTONIISUOD UIs Ul AFojopoyow doys-dir syerodioou

uowdmbs 10 saniIoey [eroads uo JurA[o1 Jnoyym xopur Ayrprumny,unnoads
omerodwd) opim B ssoroe sied) pue saimound Joj pasn  9q ued siedol papuoq Jey) OS 0ejNS MIDS dY) JOJ S[BLIJEW O[OS

‘SO0BLINS 9[qBAIISQO MO[ J0J PIIJIIUSPI Jey]) St BLIOJLIO [BIUSWUOIIAUS pue [euorjeiodo owes oy} 03 sodejans MIs udisoq

"SQU03s pue pues Surmo[q A1190[aA Y31y 03 Jue)sisal ATYSIY 9q 0} SIOBLINS UDYS UOIYSND Je udIsaq

“aredor 9[o1yoA-JJ0

Jo 9o1yaA-uo 1oy uondo ayy opraoid 01 o[qeaSuBYOIUI 9 P[NOYS SIOSUS IO ‘SABLIE ‘Seuudjue [eI3aiul SUIUIRIUO0d SiB[s 10 sde[j o[qeaAON
‘o[npowr Ajnej e Jo juowdoedar payyryduurs

U3noIy) SWIUMOp J[JIYOA 0NPAl 0) PIZLIBNPOW dq Pnoys sa3pd Jurpes] Ul pojedo] SIOSUds pue ‘sAele ‘SEUUdIUE UONIUN-INIA

-oouewIoytod aye[ost
Jney/11g oy Surserq 10 douewopod JurpeiSop oYM UIp JO WIS JO SUONB[NUWINIO. JO JUBIS[0} 9q 0} PAUSISIP 9q P[noys seuudjue O]

‘uawidinba 10 saInseaw AIR[[IOUE 10J PAIU JNOY)IM
PI[[eISUL JOU 2Je SBUUSJUER USUM PIUIBJUIRW 9q P[NOYS SBUUIJUE O[qEIOBNal JOJ S[[om pue ‘sjuotupredwiod ‘soniaed Jo Suljess pue 2Inso[)

"010A0 j081301 pUE
puaIxe oy Jo 1ed se uonouny 0} PAZIUBYOSW 9q P[NOYS SBUUSIUE J[qeloes}al 0 S[[om pue ‘sjuouniedwion ‘sarIAed Jo Suljeds pue aInsoq)

‘SeaIe Aemyj[em
Ul Pajedoo] USyM dINJonys JuIpunoLms 03 JSeNU0d I0[0d POOS B JABY PNOYS SIOIASP BIEP Il PUB ‘SIOSUSS ‘SBUUSIUE PIJUNOW ysnjf

u oI uonoodsur 1A 3omb jrurad 0 1 ue oYM sguruado 1o ‘si uruado-yor uim judsedsuern
‘popaou a1aym suonodadsur [ensiA Jyomb jrurad 03 10400 Aue noyym s3uruado 1o ‘s10A09 Suruado-3yomb ‘smopuim juaredsuen) os

"JoUQ)se] 19FU0] 9091100 Y} J0J PIMIISqNS FuIq JOUSISE] JOLIOYS € JUdAdId 0) SIOJOWRIP JUSISHIP dARY ISnu d1IS JUSIYJIP JO SIOUD)SE]
‘o[qissod jou SI SIy) dIoyM SISed drel uj “Iojowelp pue dud [eonudpr Jo 9q pinoys [oued IO JOOP SSIO0E UB Ul SIOUSISE] [EIMONNS [V

[1-SOV

01-SOV

60-SOV
80-SOV

LO-SOV

90-SOV
S0-SOV
¥0-SOV

€0-SOV
20-SOV
10-SOV

90-S®VYV

SO0-SB®VV

YO-S®VV

€0-S®VV

0-S®VV

[0-S®VV
81V

L1V

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



SI-O

‘JuawuosiAue Junerodo pajoadxe o) Ul 918 WL OS[B] SZIWIUIW PUE UOI}0}OP J[Nef OZIWIXEW 0} S90ULIS[0} 1]1g 198
‘119 £q paIojyruow 9q pInoys SUOIOUN [BONLIO UOISSIIA
'ssa001d u3isop Areurwrjord juowdinbe jo jred [eiSojur ue se sainjes) uSisop Aqeisa) ojerodioouy

pare[nwnode eiep Jo od4) oYy Sunoinsay -

PoIB[NWINIOE ST BIEP YOIYM J9AO0 Ueds dwn oy Juronpay -
oye1 urdwes wnurxew ay) Sunrwry -

pazojruow d1e jey) S[euSIs Jo Joquinu oy} Junrury -

:Aq 9z1s 9[qeoSeur B 0} POPIOIAI SI JBY} BIED JO JUNOWE O} JWI]

"S[OAS] INUIpUL
juowrdmba [re 18 YDA reudoidde oyy pue sojer amjrej oA1309dsar Yy uo paseq oq prnoys pasodoid 10 parmbar g Jo 92139p Y],

*SULLINO00 WO SIUAAd (SJOLY) JO 15919y pue (QND) 21edridn(g jouue)) JO SIOqUINU AISSIIXD JudAdId
0} S[OAQ[ Med-o0o1d pue ‘Onpowr ‘W ‘WIISASQNS ‘WIISAS Y} SSOIOB 9SOU) UM JUIISISUOD QIe SPIOYSAIY} WIISAS ][ ey amsuyg

"POIJIIUSPI Ik JOIOY) suoreurquiod pue ‘suonerrea Ajddns romod ‘dn-pying
00UBIS[O} ‘sowonxd dInjerddwe) Aq paonpur saIn[Iej JINOIO AUe Jey} 9INSuUd 0) SISA[BUE SSAI)S 9SBO-ISIoM asn ‘I g 9y} Jo uSisap Suun(g

"SQ[ISSIW payoune]-[rel Jo swnjd 10j0w 9y Ul 21M3ONIS 10 STUINIJ WNISIUSLW 2)8d0] J0U O]
‘Ajquuasse pagdreyo-axd e se paoejdax A[pider 10 ms-ur pasIAIds 9q 0} Ajjiqedes ay) daey prnoys suoisirold 3urjood uodeom pue J[ISSIA

‘suoneIguod
a10)s/uodeom Jo uoreulquiod Aue Jopun pannbar oq jou [[im Sunse[eq [OIYIA 2INSUS O} PAJEIO] 9q PINOYS SUOIIe)s 310)s pue uodeop

-0oh-Aydmiy
Al sjuounsnipe pue 9[qISSO0E A[ISBO OIB SIJIAJP 9INSUD P[NOYS SII1A9P [onuod yoyd d[qeisnlpe Surureyuoo s10309o a103s pue uodeopy
“pa[ressul a[ym padefdar A[pider 2q ued SPIOUS[OS I} 2INSUI PINOYS SPIOUI[OS FuruLe SUIUTRIUOD S10393[2 0103s pue uodeop

*2103s 10 uodeam 2y} jo peordn o3 Joud
sjuowaInbar uonoadsul Jo ‘@ourUUIBW ‘SUIOIAIOS PI[NPIYSs a1mbar jou prnoys sidyoune| pue s10302[2 2103s pue uodeam Jo usisap oy L,

‘JJeIoIIe Uk JO a3e[osny
ayy 1opun s1opodsuen uodeam Jo Furuonisod oy 3011sa1 jJou prnoys 1ed3 Jurpue| urew dy) 03 JedS Jurpuel asou oy Jo diysuorne[or Ay,

-odojoaus Suriy ung oyj 9pIsino 9q prnoys (sodojoAus JusWoAOW FUIPN[OUT) SUOIOUN] PUNOIBUIN] pue SUIOIAILS [[Y

"uone)s I9YJoue Jo 2dO[9AUD PUNOIRUING/AIIAIIS Y} OJUI 9pNIUI P[noys Iopodsuen v uo pajunow 10js/uodeam 9[3urs oN

“JJeIdIIe Uk JO Jed3 Surpue| urew pue Jedd Surpue| 9sou oy} WOl Q[ JO Wnwiurw & sAeq uodeam 93e[asny 9jeo0 ]

', 7T PO99Xa syIpim Joop Aeq uodeom pue age[asny oy

Ul poLIed 9q [[Im suodeam [eUIOJUI USYM PUNOI3 oy} dA0qQe (S URL} SSI] OU 9q P[NOYS QUI[P[OW JBAYS JoMO] 9FB[ISN] o) ‘YeIdIle U. 10,
-a8e[osny ay) uo

paLLIed 9q [[IM ATu0 suodeom [BUISXS USUYM PUNOIS oy} 9AOQE ,§€ URL) SSI] OU 9q P[NOYS SUI[P[OW TS JoMO] 9FB[Osn] o) “YJeIdIle U. 10,

LO-119
90-LId
S0-L1d

¥0-119d

€0-11d

¢0-114

10-LId
c-INIV
CI-INUV

01T-IN¥V

60-INIV
80-INdV

LO-NEV

90-INdV
SO-INY¥V
YO-INIV
€0-INdV

CO-NIV

[0-INdV

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



91-0

*ANITIQRI[I MO] JO AJO)STY JISY) 0) ONP SIOBJISIUI QUL OINBIPAY IO [onj ‘Ire 10§ sSUIIIJ pue s10300ut0d 9dA) [9AIMS PIOAY
"S921A9P 30BIU0D TN 2dA) 103ury ojeurwuIfe 0) uonodjold [N usisaq

"[00} QoUBUJUIBW B SB ] [( JO SSQUIANILJO O} JIWI[ UBD SAJel WLIR[e 3s[e] JOUSIH "%, ] MO[oq sdjel uLefe osjej doay o3 udisag
‘pa1ojtuowr Surdq judwdmba 10 wsAs oy se uonojoxd [N JO [9A9] Swies Y} dAeY 03 [ [g uSIsa(g

VAM 10 QAT
o1Surs € 03 PajosIep SAIN[IE] ISOY) JO 966 WNWIUILT B )B[OSI PUB SAINIE] [[& JO 9,86 ISEI Ik 109)ap PINoys [[g PoIenIul pue SIpoLdg

juowrdinba 10130 UIqUISSSESIP IO SUTAOWAI JNOYIIM J[qISSO00. Ik Aot} 0s sjurod 1s9) pasn A[oUrnol 9jed0]

"a1e[0s1 J ney 03 Surqoid [enuew axmbar jou prnoys juowdinbyg

"OOUBUI)UIBW JO ISBI PUR 9IUIIUIAUOD I0J PI[dqe] A[1[d pue 19y3a303 padnoisd Ajfeuonouny aq pinoys sjutod 1sa ],

‘dn-1omod juowrdinbe uodn Ajjeonewoine pajenur st 31 os 11g usisog

"S$[091]0 1e[N3A1 IOYI0 puk A[Iep 10J PIpaau jou a1k Judwdmbo [euI0IXd 10 SIIIAID 159} ATRI[IXNE JR) OS PAUSISOp 9q P[noys [1g YL
‘ssourpear juowdinbs jo uoneorpur 03-ou/03 € M J0jerddo juowdimbs oY) ap1aoid pnoys UonoUNj UONIIIP AIN[IL] Y],

‘parestput

9q j0U [[M 2Iprej & ‘ponpoid ot 10 wdIsAsqns & ur pI[[elsur jou st judwdinba Jo 2001d & USYM JeT) 0S PAZIUBYOIW oq PNoYs LIg YL

"SS9[ 10 %] 29 pInoys
ojel wirefe os[e} oy} ‘[eoS © Sy  [00} 9OUBUSJUIBW JAIOJJO UB 9q JOU [[IM I [g 9SIMISYIO (9)el ULIR[e 9S[e] MO] AIOA € 9AeY 0} 1]g udiseq

"A[[ENPIAIPUI UNNOI YO8 [0J3U0D 0} AJ[Ie AU} PUB SSII0B JARY PINOYS H.[ Y USY} ‘QNPOW € UO ISIXd Sounnol J[g Auew JJ
own Aue Je 31q 10119 oy [[od 0} 1V 10 Wo)sAs o) JOJ IOISED J1 Sayew SIY [ ‘9[NPOW ) UO PaydIe| 9q p[noys sainjrej 1g
‘ST 91qISIA 0} s[eusIs age)[oA oy} SUIpuas Aq PaIOIUOW A[[BNSIA 9q P[NOYS SOFLI[OA [EO1III)

‘suonouny [ 1 Surssiu oy} Surpraoid jnoym sunnol I g 2Yyi 2ZI[In jouued gLy udy)

‘QInpowr 9y} uo SISIXd ANMaI FIIg 10 2unnol J1g 2yl Jo uoniod & A[uo J| -o[npow uo g11g pue suonouny [1q 232[dwoo erodioou]
Anmoiro

LI9 03 109uu0d Aoa1ip 03 g1V 9[qeud [[Im siyl surd J0joouuod o[npouw je S[eusIs snjejs pue [0NuU0d [ [[B 0} SSOI0B 9PIAOI]

“UON}OIOSIP §,10Je19d0 9y} JB PAINOSXo
oq ueo suoneurquiod )s9y derdordde pue ‘A[[enpIAIpUT P)OS[Os 9q UED 1S9} AU} JBY) OS ‘Sooudnbes 1s9) 0} [0NUOO [enuell I0J dPIAOI]

"UONLIM 9q 0} 9I1eM)JOs anbrun Jo junowre ) dzrwrurw ejep 2soy ], Juswdinbo oy} Jo sourusUIRW P UL SE [[oMm Sk 3u1so) A10308]
ur yjoq asn 1o} pauue[d oq pinoys ejep owes ], "[OAJ] WIISASQNS/WI)SAS 9} Je )s9} d1Isouelp yoes Joj ejep asuodsal pue [nuuns U

*(S)190uI3Ud SWIes AY) YIM OPISAI P[NOYS (1)1 [BUSIP “°T'9) W
pus ue Jo 3uIis9) UONEBOLIdA JO Juowdo[oAdp pue uSisap ay) 10 Ajjiqisuodsar ay) ‘AqIqrsuodsar 1s9) pue ugIsop a1emijos Jo eale oy uf

‘parojiuowr Sureq wdIsAs ay) [re} 10 ‘ydnisip ‘operSop 1M FLIF 10 LId Yl UIIIM dInjre] 1o Jnej ou jeys os 411 pue L1g oy uSiseg
"SUOI)OUNJ [BONILIO WOYSAS J0JIUOW 0} [ [ JUSLINOUO0D S
‘[ouuosiad aourusjuIRW J03LI0do JO SPAsU AU} 9JePOUILIONdE 0} $I03033p Ine} [ 1g udIso(

10-D
¢0-d.L1d/11d
10-4114/L11d

8C-11d

LT-114d
9¢-1LId
Sc-11d
ye-11d
€C-11d
¢clid
1¢-11d

0c-LId

61-11d
81-LId
L1-119d
91-114d

SI-11d

y1-1194

(ARARES|

¢I-11d

[1-11d
01-114d
60-L19d
80-LId

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



LT-D

‘(JuouruosIAuS pajddjordun 10 uodo ue ur ofewr o[UIIAd
0S ® JO puey PIAO[S B PUB JUSWIUOIIAUD PI}odjoid 10 paso[ous ue ul ofewr d[IuadIad (¢ Jo puey areq “3'9) SUONIPUOD [LJUSWUOIIAUD
pojedionue 19pun uonejudLIo I1030ouuoo J1odoxd pue sojqeo jo juowoFeIussipAuowoFedus J0J SI0JO3UUOD PUNOIE JDUBIBI[O OPIAOI]

-9[qrssod a1oym AJIUSISJIIP PAAaY 2dA) 10J00UU0D dUIES JY) OS() "WNWIUTW
B 0} SI0}O9UUO0D PIepue)s ,JUSIALIIP, Jo Joqunu oy dooy j1oddns onsi3of pue Afiqe)se) aaorduwr 0 sadA) o11m pue 10303UU0D OZIpIEpUL}S

N 2aoxduwr Appueoryiugis pue ‘s)sod diysioumo pue JurInjoeynueBw
Q0NPAI ‘SA0BJIAUI/SIOAUUOIINUL JO JIqUUNU ) NP 0} S3dooU0D JOUUOIINUI [BUONUIAU0D 0} douaigpaid ur serSojouyoe) ondo-1eqiy asn

"9[o1yeA & ojur syyed onosar ysero pue syjed
oy papuajur Jurudrsop uoym Ieo3 uonodjold [eo130[01q 0 [eorwAyYd Julream woy Sunnsal uolsiA Jeroydirad ur uononpal ay) IOPISUO))

"898 uonoajoid [eor3oolq
Jo [eorwoyo 9and9jold [[nJ Sulream [IpIm IIp[Noys J[NudIdd Gg Yl 21ePOWOIIL 0] SBAJR 219 INd,, pue ‘sjoued ‘SI0Op andsal IzIg

"898 uonoojoid
[eo130[01q 10 TedrAyd 2A1ddj01d [N SuLream ofew IUIAd GG B AQ pajeAnde oq ued A3y} 0s suoisiaold ssardur Aouodrowd ugisog

‘puey po3o9joid B (3 JOBIUOD UL SWOD 0} [oN) MO[[E P[NOM Jel[} JOUULW B Ul POJBAIIOR 9q JOU UBD A3Y) OS surep [[99 [ong udisoq

“BOIR JO JBI[O Urewdl 0] [ouuosiad o[qeus 03 9[qISIA 10 pasIeul A[1es[d are surelp pinbiy dArssed p1eoqidAo o[d1yoA dnsuyg

"SONIAIIOR

109UUOISIP/2UU0D SULINP qIeS 9AN0)oId [IM JOBJUOD Ul SWOD JOU [[IM SPINJ 2INsud 03 s3urply SuIdIAIdS PInbi| 9[JIY2A [[B JUSLIQ
‘sjuowdImbar juounredwos pue Aeq JL1USS I9YJO (1B IO -

"I00D 2y} uo paemur urysnd Aq paieAn}oR SWSIURYIIW SUIYdIE[UN UTRIUO)) -

"arew o[nuR21ad ()G 2y JO WYS19Y 35Oy JB PABIO] o -

:pmnoys sarpddns 10 juowrdimba AouaFiowo Jururejuoos sjuounredwos 10 sAeq 958I0IS JOLIDIXD [[BWS )M SI[OIYIA PUNOID)

“U)M0I3 AJISUOP J0J SWN[OA PIppe Juoo1dd G ureyuo)) -

"SOA0[3 o1301e SULIEOM O[IYM pUBY d[eW J[1IUdIdd G4 © AQ paremyor 9q ued wisiueydow Suruddo pue Suryoo[un I00p AINSUY -
‘o8eurelp pue jnoued[o Ajrjdwis o3 [[1s M ysnyy st juswredwos 10 Aeq JO IOO[J dIMSuy -

‘wistueydow Jo Sunids uado-proy [ejow 329ys ojdwis urejuo)) -

“100p Juade(pe ue Jo adojoaus Juruodo ayy ojur opnnur jou saop adojoaus Suruodo Jo0p ainsuy -

“pa[reIsul sumop a1 Jodsuen yym pauado 9q ued J0op dInsuy -

‘ydw (g 18 Anuo pues Surmolq surede 109301d [[Im Jey s[eas Joop [eroyduad urejuo)) -

"SJUOWD oy} woy o3ury oy 309301d 03 soFuUIY JO9U SO0 UTRIUO)) -

‘Touuosiad 309)01d 01 90BJINS IAINO YIIM YSN[} dJ8 SI[PURY JOOP AINSUy -

"Surpue)s o[Iym so[1IUR01ad JO 93URI IPIM B 2JRPOUIIOIIR 03 JYSFISY 20U URY) JOMO] OU PJBd0] [[IS JOOP U} 9ABH -

:PINOYS 9]OIYdA 91} OPISINO WOIJ J[qISSIOIL SjuounIeduwos 10 sAeq d5€I0)S YHIM SO[OIYIA PUNOID)

's901A9p J10ddns aury
Aue 3unoouuodsIp 10 saul] Furaowal jnoyrm paoserdar oq ued ssurpdnoos sur-ur jeyy os suni Juiqunyd [o[pered usamioq Suroeds apraoig

€0-20

¢0-00

10-20

90-94dDO

S0-44dd

¥0-d449D
€0-4490
€0-94d0

10-49490

20-ODYIVDO

10-ODdVO

20D

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



81-0

‘suonedrjdde xa[dwod jsowr 10§ SPOI [013UOD URY) JOYJRI SI[QED [01U0D IS[)

"9[o1yRA oy} unim sunnol xajduos-uou pue suonedrjdde xajdwoo-uou 10j S9[qEI [01UO URY) JOYJRI SPOJ [O1UO IS

"SJUQUIUOIIAUD ITE J[S 1O JoJem }[es Ul 91e1do [[1m Jey) SO[OIYIA JOJ SI[qed [0TUOD [e}oW dsn Jou 0

‘a1m Ajayes 10 surd 193300 103 PAdU Y djeurwul[o 03 (JuoreAmnba 10) sjjoq ad43 souepadwir 10 pAog osn p[noys spol [01U0))

"HLV PUB ‘(SVYM) SAIquassy d]qedoe]doy

uodeapy 10 (SYT) siun d[qeade[dar oul] ‘SWAISASNS ‘WOISAS UOOMIOQ suonedrunuwwod [eudis 10§ s1jdepe A[)s0o 10} pasu Y} PIOAY
‘wes3oxd InoxyoaYo

JO 1S9} U} 1M JIOOUOD Ul SJuUdUOdWwod [BUISIUL [ONUOD PUEB ‘DBAI ‘SSQ00B 0) PISh oq Ued F LY By} OS SwolsAsqns pue swolsAs udisoq
"S)NeJ W)SASqns pue W)SAS [[& 0} $SOI0B SNQ JOUBUJUIRW PUL 153} IpIA0Id 01 10J09UUO0D 591 B IS()

‘uorjerado

pue 31s9) [enuew 0} SunadAdI I0j suolsiaold daey pnoys swerdord pue swolsAs pojewone ‘dn-Suey 1o sso] werdold Jo JudAd Y} U]
1S9} 2INUD

o Jeadar 10 yorQq 9[0Ad 0) PISU Y} INOYIIM ,dWNS3l, pue ,1s9) dois, 9[qeus o} suorsiaold yyim swer3ord pue swsAs pajewoine udIso(]
-9[qrssod

10U SI JeOM JO UTBI)S J[qEO JO dIIM JBY) SOINSUD Jey) JOUUBW € UI S[[9YS JOBq JO S[[oYs J0}oauu0d d[3ue pue Jy3rens ojqudsse pue dn pjing
"IOISBY SSQ00B 9YBW 0) $10J03uu0d Jo A1oydirad 1o 10jowrelp 193no oY) uofe s[reydid o[qeo pue sarim areds JUSLIO

‘suonode aAanendiuew 103 $s909€ JoImb

sorduir ose siy], "3nqap pue AIISIUI WII)SAS [[BISAO UI SPIE YOIYM JO2Ud AJISIUI 9]qeI PUB WA)SAS JIInb B 10J SMO[[R (S YT UIAD JO
SO[qeD ISYJO PUIYRQ SB UONS) SI[qBI UIPPIY SUIARY URY) IOUJRI $9[qed A[quIasse [[e Suroen pue Junoadsul AJ[ensiA "SI[qed USPPIY PIOAY
'$$900€ 10 Surqoid

YT [BUIOIUI JOJ PAdU 9y} JudAId 01 J0JOAUUOD B WO J[qISSJ. e Aoy} 0s (syurod }s9) IO puB) SIPOU [BINLID WI)SASqNS/ YT IO
‘sTeudIs pasn Appuonbaiy 10130 pue ‘punoid ‘romod 10§ sjuowugisse urd 10J0oUU00 IZIpIEpue)S

"a8emo)s pue ‘Surdeoed ‘Funnor Jurkjrdurs Aqaioy) ‘Irpel puaq 931e]

proae djoy yoeoxdde sy ‘1orses aredar pue 3urjooys 9[qno1 Juryew 0} UOBIPPE U] ‘(OB SI[QED IO SAIIM G UB(} OIOW OU JO SUNI Ojul
So[qed 10 saxm oy} dnoin) ssourtey payes3ajur 9[3uls € Se SO[qed JO SAIIM G Uel) 2I0W SUIUTBIUOD SI0}OIUUOD SSAIP JO 9INJOBJNUBW JOU O]

"PIPUSUILIODAT OS[E SI SOPOJ Jeq (M Suo[e 9[qed 3y} U0 I0)euSIsap 9[qed oy} SunIe

‘uoneoyipow Jo ‘medar ‘Sunooys o[qnor; Surpre 03 UONHEBOINIUIPI JO 30INOS B M PIpIAcId 9q PINOYS Q0BJIOIUI J0JOSUU0I-0}-XB0D puL
9[qeo ‘aIIm yoeH "UONBUINIIY) 0} UISLIO woxy Sum[orI) 21e)I[Ioe] 0} J[qed IO SSAUIBY B Ul SIIM [OBd ‘Op0d J0[0J J[qIssod a1oym pue oqe]
*08eI10A9] [RUONIPPE IO}

91qeo Jo Surnm o) SuIsn Jo IeaJ JNOYIIM UOTOBIIXS SIIM JO 9[qEd J0J J0303UU0d 3} U0 diiS JusIoIIns & MO[[e 01 $10303UU0d d0kds pue JusLIQ
A[quiassesip/A[quiasse

Jo oseo 1o} sdoo| oo1ales ojenbope pue ‘sumop-o1) pue JuUIAd9[S Jurpnoul ‘sa[qeo Ioj ooeds ojenbope opraold  Ioyjoue 0)
$S900E UIBS 0} 9[qBD QUO SAOWAI 0) SUIABY PIOAER 0} PUE ASed Juotoor[dor pue [BAOWIAI 9B O} SO[qED 9)BI0] PUB SI[qeD dseafal Jornb asn)

¥0-LNOD
€0-LNOD
¢0-LNOD
10-LNOD

S0-0OD

¥0-00
€0-0D

¢0-00

10-00

[40)0)

11-00

01-00

60-DD

80-00

L0-DD

90-0D

S0-20

¥0-00

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



61-O0

“paxo0] pue pajeas Axodoid st 10j0ouu09

o} Jey) UONEIIPUI [BNSIA PUB SAIMIEY] SUDYOO] [eISojul urejuod prnoys (2d4A3 [dued-pue-yoer SuIpn[oxa) 10300UU0d [8od[d [nd-ysnd v
"paxyo0] pue pajeas Aj1adoid st 10300UU05 Y} Jey) SUOHEBOIPUL

[ensIA pue SWSIURYOAW SUIY0O0] [eIS9JUI UIBJUOD PINOYS JOAUUOISIP JO JO2UUOD 0} UIN} [[NJ SUO UBY) SS9 SULINDAI 10J00UU0D [BOLIOJ[O UY
"Pa3o0] pue

pajeas Aprodoid s1 10300UU0D o) Jey) SUONEDIPUI [BNSIA PUB SWISIUBYISW FUINO0] [€ISJUI UTBIUOD P[NOYS J0JOIUUOD [BILIOJ[O PIPLAIY}
‘surelp jurod moj yym

papraoid oq pinoys urgim syurod uonod[[oo prafy pejefal pue ‘sjoxood ‘syurod MO “SI[OIYSA S} JO SIOLIN)XS dU} SB SAINSLIW UOoIuaAaId
UoISOLI00 dwes oy} 03 323[qns 9q pnoys syusuredwod 1a8uassed pue ‘sjudyo0o ‘suonels mom ‘syuountedwod siojerddo ‘sqed mar)
"suo1s1ao1d a5eureIp urejuod pInoys UoneISIW PINJJ I0 UOHBSUIPUOD 0] 392[qNS SUOIOIS [RINJONIS PISO[D)

"sqmyjeq [eInjeu AUe Ul }[NSAI JOU P[NOYS SIOBLIIUI PuR USISIP [BINJONHS JO s}0adse o1awoas oy,

"UOISSIW /SN J[OIYIA POPUIUI I}

01 oreudordde se ‘sopossed ‘s1oisiued ‘so[npour ‘sade) BI)X9 2103s 03 (duloqare pue punoil) odA} 9[o1yaA yord ur suoisiaoid o5elols apIaoid
‘uoner3aur 1o udisap ayp jo ped 2q jou pnoys Sunysisaioq 10§ s)udwaInboy

‘[enpIAIpUI dUO AQ PAINSIU0IAI 3q UBd A3y} 0s Judwdibs paje[a1 pue ‘sad1A9p Jurwire ‘spod 90UBSSIBUU0AI ‘SOSUI| ‘SBIOWERD USISO(]
-91qeodoe[dar Apjomb pue ojqeaSueyorojur AJ[nJ 9q 0} SIOSUSS PUE ‘SIOPIOIAI ‘SBIdWRD USISO(

‘ur paddens pue pajeas SI Moo Ire

Jo Jojerado Oy} S[Iym PUBY dUO YIM PI[[eIsul pue pasowalr urdq Jo ojqedes oq p[noys sauizegew 10 S9)assed uone)s Jojerodo pue mai)
"$9559001d UONRUIIEBIUOIP [€0130]01q PUE [BIIWAYD JO d]qeded 9q PINOYs SI[NPOW PUL SIdUIBIUOD BIPAW J3eI0IS BIR(

'$901N0s JYSI| Pue SP[oY d1}AUILWONIJ

pieoqdiys 10 ‘uipysiy ‘punoid Aq peAId JUSWUOIAUD ISIOAPE JY) PUBISYIIM PNOYS BIpIW J3eI0IS 9ANISUdsojoyd pue o1uondd[q
‘uonoajoxd

yjuowdmba j10ddns feroods uwo souerjor noym Surpuey 9[qeropisuod jwurad prnoys sanpowr sjqeaowdl pue ‘sade) ‘sourzeSewr Wil
"Swo[qo1d paonpuI-oouBUUIEBW NPT 0} pue ‘SuLinjoeynuewt AJrjdus

0} ‘sooejIo)ul [[e 0} SSO00e djenbope pue Ased J0j pozire[npow 9q prnoys s[oued [013U0D Pue ‘spreoqysep ‘sjoued JUSWNISUI [RINIONNS
‘syuaunredwos reduassed

pue ‘sydyo0o ‘suonels moio ‘syuounredwos siojerado ‘sqeo maio Jo 1ooff ay3 y3noay; suonensuad Juiqunid pue Xeod ‘SULIM PIOAY
"Pa[eISUI AJISBY pUB J[qRISUBYIIAUI 9 P[NOYS JowLIe ‘Oniseled SI JOUWLIE 2IUM SISBD dIel U]

“JowwIe onisered 1940 99u19Ja1d USAIS 9q PINOYS 2INIONLS J[OIYA U} YIm PAjeISaIul uorodjold Jowry

‘syurodprey Suryoo] Adoued o) se A[qUIAsSeQNS [BINJONIS WES Y} U0 pAjeoo] 2q pnoys syurodprey s3uryuswyoe)ie Adoue)

‘puey orew d[nuadIad G/ ' Aq 9[qISS900B 1B A9} OS SUONB[[BISUI S[qBD )M PJeIdosSe sjoxdelq pue sAafnd [[e uSisoq

‘uonoadsur 10J 9[qeMOIA 9q [[IM 9[qed © JO Judd1dd (| 18yl OS S9[qed ANOY

€0-0d

¢0-0d

10-04

€0-A®d
C0-A%d
10-A%d

EI-MIID
CI-MHEID
IT-MEED
0I-MEED

60-MHID
80-MH¥D

LO-MHFID

90-MHID

S0-MHIID

YO0-MAIID
€0-MHIID
¢0-Md¥D
[10-MHED
90-LNOD
S0-LNOD

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



0C-O

JuowoFedus 1odordwr 0 anp dFewep JO SJUSPIOUT 9ONPAI 0} SABM-ASY JUSWUSI[E 9)eI0dI0oUI Jey) S10)09UU0D [BOLIIO[D IS
"J0y aI1e s9[oe1dooal pue pjod are s3njd jey) 0s s10300uUU0d USISAQ

"paIojud st uonisod A9y 19)e o5e3ud
pInoys s3oxo0s pue surd 10j0ouuo)) -surd [BO1NO]2 oY) PuoAaq pualxa Jey) surd SutuFife Yum APUAIIPIP PIAY 9q PNOYS SI0JOAUUOD [

‘sjuowarinbar paryroads 300w Ao Jey os Jede YSnoud Jej $10J09UU0D 98I0
*10J09UU0J yoed U0 suld [[e AJIJUSPI pue POMO][€ 1Y SI0JOIUUOD JOUUOISIP oInb osn)

"UOT)RUIIIBIUOD
pmy pue oponied juordid 0) 90BLNS [EOIIOA B UO pajunow 9q ‘o[qissod Ioaduoym ‘pinoys sjoeiuod ondo 10qy SUIUILIUOS SI0)0UUO))

"JUB)SISOI JUSWIUOIIAUD 9q P[NOYS SI0IIUUOD JLNIIR [V
-anm Kjojes Surnmbar jou od4) e Jo s3n[d 10309uu09 UIo0[-J[9s asn ‘0[qIssod IOAUIYA\

"SIINOIID QAI] JO FUIIOYS [BJUaPIdd. JuaAald 0) pue piezey
[euuosiod ozruturw 03 odAy urd ueyy Joyje1 odA} J93[00S oI8 UONJOSUUOD ) JO IPIS IOy, JO ,9AI], Y3 UO SJOBIUOD JBY) OS SI0}O0UUO0D JOI[OS

‘Juawewre Jo juswdimbs Jo 00a1d 1oyj0 Aue Jo [eAowal Y 21mbai jou prnoys juswdimbs 011013990 Jo Juswose[dol 10 [eAOWDI Y],
"SISeq [ENPIAIPUI UB UO PAISPISUOD 3] [[IM SUOLJBIAID
9Sed UOIYM UI ‘YeIoe 9y} JO OWN[OA 9} UI 95BaIOUl Uk o1Inbal pnom osn Jay) SS9[un 3noysnoiy) pasn oq pinoys s10300uuod jooid dooos

"9[NPOUI OTHOI}OI[S Y} JO AOBJINS S[qEOAOU A} JO
yuowooedar Ajrduris 03 $30ouu0SIp oMb UTLIUOD PINOYS SIOBJINS S[qEIAOUT PUE PIXIJ UOIMIOQ SOOBJIONUI [EIXEOD PUE OTUOIIOIO ‘[BILIO[H

*JOJOOUUO0D IOJUS J0U SO0 Jojjewr USIDI0) AINSUD 0) SIXE [EO1)IOA € UO 9q J0U P[noys juswireduwos e ojul suonenouad [eoLod[q

"uo1SI0A91 punodwod
Sumod 10J Aouspuo) pue own Jredar AySus 03 anp uonodjoid [ejuswuosauo I0j poylowr e se Jurpod Suwnnbor siojoouuos proay

"SJUOTRAINDS 9AIIBAOUUL JO ‘SI009UU0D 9IFIP-()6 YIM PIIBUId)E SI0I0UUO0D 99IS9P-(] ‘SI0I08UU0D PIEPUE]S (M PIjBUId)[e
S10300UU0D PI[[OYS-SUO] ‘SIO-puelS JO ISN Ay} Se YOons pasn 9q PInoys poyjowr deursie ue ‘o[qissod jou SI SIY) 9I9YA\ ‘PULY d[eW
paao[S onuooad A1y e £q 10300UU0D AUE JO JBAIq JO OB SINSUD 0] JUSIOILINS 9q PNOYS SI0}OUU0D [eIL1OJ[e Padnoid usomioq uoneredos

‘puey o[ew paAo[3 a[nuadIad A1y B Aq pojoauUOISIp
pajoouuod 3ureq Jo Jjqededo pue 9[qISsadoR J0q 9q PNOYS SIIIYIA punoid uo suonesrjdde [BONLIO JOJ PIJI[AS SIOIOAUUOD [BILIIIH

"u29s AJISed 9q ued J[ey JOUIIS Joj uoneoynuap! uid [[e Jey) Yons s10309Uu0d [ed1199]9 uonisod pue 9jed0]
‘Burropyos Jo w10 10 adAy Aue Surnbar s10J09UU0D [BOLIIOS[ SUISN PIOAY

‘SoInseowt
uonuaAdld UOISOLI00 10 suonoadsur pa[npayods Joj Posu dY} 9JeUII[O JO 9ONPAI O} JUBISISAI UOISOLIOD 9q P[NOYS SI0}OUUOD [BILNI[Q [[V

‘Kem Koy Suide3us 03 Joud o0 j0u [[Im dFewep urd 2msud 03 S[[9Ys Jooid-dooos urejuod pnoys sI0303UU0D [BOLII[D [[V
uowugife 10doxd amsuo 03 padeys A[[eOLOWWIASE J0 PIASY 9q P[NOYS SIOIOIUUOD [BILII[D [[V

¥¢-0d
€¢-0d

¢c-0d
1¢-0d
0¢-04d

61-0d
81-0d
L1-Dd

91-04d
SI-0d

v1-0d

€1-0d
¢1-Dd

11-054

01-04d

60-0d
80-0d
L0-DH

90-04
S0-0d
¥0-0d

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



120

-a8eye9] a1k padq ajerddwo) Y3y 03 paydalgns

JO paung JI Sownj OIX0) PuB Ows SUIp oY) 03 onp uonedrdde Aue Joy [Aurakjod Surureluod s}oxULR[q UONEB[NSUI JO 9SN AY) PIOAY
‘ur33o1o 03 Aniqudoosns pue AI[IqeI[or MO] 19y} 03 dnp S10393[3 Ire asn jou o

‘uone[ejsur jo Ayordwis pue

osed 10J $3]0q SUIO0[-J[oS peay-xay asn prnoys ‘suroddns pue sjoyoriq Suryoeyre [[e Surpnjour ‘SwolsAs oy} ul paurejuod syuouodwoo [y
"O0UBUIIUIRW SULIND SP[OYI00] SB ISN 19} SJU2AId JBYy) JOUUBUIL B UL SISNBYXD PUR ‘S]O[INO0 ‘SIS[UI JIB JUILIO PUB 9)BIO]

“moy 1od urex
Jo . Surpuey jo oqedes pakojdwo aq pnoys surerp aarssed ‘Anud 1ojem 03 309[qns 2Je S)SNBYX PUR ‘S)OINO ‘S)O[UI JIB IYM SIOUBISU]

9PN ONEIS [BULIOU S)I UT J[OIYIA AU} Y)Im uonenunode pbiy juoaaid o3 syutod mof [[e e papraoid oq pinoys surelp dArssed
o1qissod jou ST SIY) 2IYM SIOUBISUI 9JOWRI U] IO qiyjeq B JUdAdId 0} 90h-Snosiuawl 9q 0} SISNBYXS Pue ‘SN0 ‘s}o[ur Jre udisaqg

*A13U9 JUSPOI JO PIIq JUAId 0) SUSIIOS YIIM SISNBYXD PUE ‘S)O[INO ‘SIOUI J1e uIso

"SIOA0D 10
s3njd 2An3oaj01d Sulfeisur Jo 9Seo 10} SPUE)S JIOM IO SIOPPE[ UO dOUBI[AI JNOYIIM J[QISSIO0E 9q 0) SISNEBYXD PUB ‘SIOINO ‘sjoful Jre uisoq

‘swnua[d Jo ‘sjonp ‘saur] oy} Jo Ajgajur a3 SurqIsIp Inoyim judwose[dor

o[qeud 03 Apoq 9ATeA Y3 0} dnisered oq pnoys moyj pmbi| 10 ‘SeS ‘Ire [013UOD IO JOIIP JBY) SIAJRA JOJ PISN 22IN0S uonen)or omod ay ],
*9ATeA 913 Jo uonisod oy sajedrpur AIes[d ey 1ojurod [ensiA e ypm ‘paromod pue [enurw 10q ‘SIAJRA [013UOD USISI

“un ot Jo Iy J19ys oy

ym o[quedwos st JUIOIAISS ) UIAIOYM PIoIAIas-a1d oq prnoys sareds se payools saexoed pue siossoxdwod uonerdduyar odA) pmbry 1y

‘Juowooe[dar 03 Juanbasqns
Suipaojq 10 SurorAIes 9je3ou 0} $)ooUUOISIp Yomb o[qerar AySiy urejuoo prnoys sogesoed/siossordwos uonerddigor odA} pmbry

-o1quedwos 11 A[[1g 9q P[noys SuLIIm pue 90eJI03ul [euSis Jo ‘uonned ‘Jururem ‘Josuos ‘Sursuss ‘(01U [BOLIIIO [[V

"saoejIo)uI 9Feyord
19)y Aue Fur0ouuodsIp 10 A[qQUIASSE 9} SUIAOWAI Jnoy)im 9[qissod oq pInoys sjuawa[ 1) 1y 2dA) [[e JO UOHE[[BISUI PUB ‘[BAOWAI ‘SSA00Y

‘suone)s 108udssed 10 ‘ma1d ‘103e10do 03 [BUINIXS 9q pnoys spimbif 10 sased o1x0) ‘sprnbif j0y Sururejuod sasoy 10 ‘sour] ‘Surquinig

‘s103uassed
10 ‘maro ‘rojerddo 10y posn sjuountedwod oyl opIsUl pojeoo[ 2q JOU PINOYS 0IN0S jeay dY) se spmbiy joy Sursn sioueyoxs JeOH

‘seare Jojerodo 1o ‘1oguassed ‘mo1o ur sjutod Surorales juswdinbo 9je007 J0U O

"SO[OIYAA I9Jem pue punoid 10y uonisod
sJorerodo Q) wWoOY pue SI[OIYIA IIB JOJ [QAJ] PUNoid 9y} Woly 2[qepeal Pue d]qISSIOe Ie snye)s Suroialads juowdmba jey) os udisaqg

"SBaIE JUSOR(pE UT SI0J09UU0D [EOLI)I9]9 [eONUSPI SUIsn PIOAY

‘Anfur [euosiad jo aoueyo
o} 9seaI10dp pue () oSewep 109[qo uSro10y JusAaId ‘SINOY-UBW JABS 0} SIO}OOUUOD [BOLIOJ[O Jo9UU0ISIp yoInb ‘Furyool aanisod asn

81-S0d
L1-SDd

91-S0d
S1-SOd

¥1-S0d

€1-8O0d
¢1-So4d

11-SOd

01-S0d
60-S0d

80-SOd

L0-SDH
90-SDd

S0-SOd
¥0-SOd

€0-SD04d
¢0-SO4d

10-SOd
9¢-0d

o4

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



[4ae

"UONIPUOD J10 UONdUNJ 19} d110ads © 9AaIY IR 03 10U)oF0) s[eudIs SurlIoys proAe ‘uonddjap Jmey jo Ayjiqeqoid ayy oAroxdwr o,

"POYSEW JOU 2JB SIOLIQ AINSUD 0} J[qeIsa} Appuopuadapul 9q 0} SHNII JuBpUNPAI USISAQ

yuvjq 3fay Ajppuonuayuy

"pasIeW A[IBI[0 puE PIssaooe A[Ised 9q pinoys syurod s,

*(*039 “‘103[OSI ‘S191JNnq) Pasn aq prnoys anbruyoo) uonejost jurod 3593 Jo od£) swog -jurod 1s9) © Je [BUTIS

£ Jo SunJoys [ejudpIooe 1o Junnol Y} 0} anp pIpeI3op Jo pafewep 9q JOUUBD A1INOIIO [BUONOUN] JBY) OS PAuFISIp oq prnoys syutod 3sa ],
“)edY s, o[Npow Y} FUIUIULINIOP Ul [NJOsn dIe Jey} SOPOU JINJIID [[8 U0 PJedo] oq pnoys sjutod 1sa],

‘sjeudis paje[ar own 10 paseyd xo[dwod ojerouss judwdinba 1$9) 9ARY 01 PAU AY) PIOAY

‘swojqoad Apiqe)se) renuojod ozrwrurwa 03 sNdino 991AP I0JB IO SZI[BIIIUI O} SI0}OIA JO S90uanbas Suo| proay

‘syurod [onuoo sjqudnisyur ojdus ayerodioour ‘poproAe 9q jouued sdoo] Joeqpas] [BUINIXS XO[dWOD USYM SIOULISUT dIET U]

'SQ/I Jorqpad} arernuuls 0} ANmoard xadwoo urnbar sdoof Joeqpasy [euIIXd SUISh PIOAY

"pare|osI

9q jouued Aoy} a1dym jutod oy) 03 sededod Jou op SsyneEJ JBY) AINSUD 03 359} FuLINp UIN0Iq 2q ued dooy ayy ey os sdooj Joeqpady uisoq
suorsiaroxd Surireo onisered Suryoene 10y syutodprey yym juswdmba oy uSisap ‘Jeonored 9q jou Aew SIy)

QIoUM SQOUB)SUI U] UOHBUIUBIUOIIP IOJ J[OIYdA ISOY ) woy [eaowdr Jurnbor juswdinba oy sejpuey 11odsuer 1o )i 9s10y 9p1aoid
‘SJUBUIIIBIUOD JO BIIE O} PIOA 0} SISS001d UOIRUIIBIU0IIP 0) 199[qns sjudtmredwiod ur surelp p1eoqidAo daissed apraoid

‘Spoyjow pue sjuode UORUIIBIUOIAP [[B YIIm d[quedwios 9q 03 armonns pue sooegins judwdmbs uisoq

"SJUBUIUIRIUOD JO 9oudsald oy oyeorpul

0] JIe [BUIO)X9 IO JPISINO WOl SUuIjo0d JIe-paoiof [eurajur o3 309[qns juowdmba 10} (I0119IX0 9Y) WOL J[qBMOIA) SIOSUIS [BISIUI OPIAOI]
"SJUBUIUIB)UOD OIq/WAYD JO 23uasald oy 91edIpul 0] JUSWUOIIAUD

oy 03 sSuruado Je[rwiis JO ‘SIO[UI Usn[J ‘Suddlds ‘s1oano] Sururejuod sjuountedwods ur peyeoo] juswdinbo uo S10SUSS 9oBLINS IPIAOI]
‘sadooAud [eaowar Juswdinba pue s3uruado sseode [[e 18910 A1) 0s s}onp uonnqLysip pue Ajddns ire jusrio pue [[eIsuy

‘sonpdo 10 smopuim ‘sardoued ‘spraryspuim o3ewep [[im uonerado jy3i 10 uonerddo punoid

‘PUIM SSOID ‘PUIM JOBJINS JO UONBUIqUIOD IO J[SUIS OU AINSUD 0} SWAISAS Jre armjerodwd) ysiy yim soo1A9p Sunrwij-arjerodwd) asn
‘Pa[[BISUL A[3O21100UL 9 jJouued A3y} Jey} [ons MO[J JO uondaIp a3 uo spuadop uonerodo rodoxd asoym syusuodwod 9jer3ajul pue usisa(q
‘WO)SAS JUR)SISAI-UOISOLIOO B 9PIA0Id 0} QUIqUIOD PINOYS SJUSWIEII) PUE ‘UONII[AS [BLIJRW ‘AS0[0Uydd],

‘paxmbai jou st anbioy 103 syuowarnbar jey) yons oq pinoys uonesrjdde A3ojouyos) pue uoreiSojur pue usIsop WoIsAS

yuvjq 3fay Ajppuonuayuy

"Uor)BOLIqN[ 10 SUIDIAIIS PA[NPAYDS I0J SjuawaInbal ou oq prnoys 1oy J,

‘sjuaunedwos rofuassed 10 ‘maxo ‘1oje10do Ul S[9A9] astou Y31y Je d1erodo jey) suej uoR[NIID J0 SUI[00d Ppunoid 2Jed0[ Jou O]

-ooeld ur pamredar Suraq Jo ojqeded oq P[NOYS SISA0D puUE SIAUB[Q [BUWLIAY) S[OIYSA Punois ur saxmjound pue ‘s1es) ‘sdLr Jourjy

"91qeaoe[dal 9q PINOYS SI[OIYIA PUNOIS UL PISN SIDA0D pUe SIOULB]Q [BULIAY ],

11-Dd
01-Dd
60-Dd
80-Dd

L0-Dd
90-Dd
S0-54d
¥0-DA
€0-Dd
0-Dd

10-Dd

S0-INODddd
¥0-INODddd
£0-INODddd

¢0-INODddd

10-INODddd
8¢-SOd

LS04
9¢-S0d
¢¢-SOd
¥¢-SOd
£€¢-Sod
¢C-SOd
12-S0d
0¢-SOd
61-S0d

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



€O

1030930p diy) - unoo oponIed duIf WINAI [10 -
sdnyord uoneIqIA - [9A9] 110 -
amyeradwd) Jue[oo)) - uonisod aafea ssedAq 191009 [10) -
[9A9] JUR[00)) - ssedAq 1991} [1O -
ainssaid jue[00)) - amssaid 110 -
ssedAq 1091y [on - armyerodway 10 -

:Suimorroy a3 10§ saniiqedes onsoudoid pue dnsouderp ayj duequd 0} s1osuds djeridoidde serodioouy

*9duBUIUIBW SULIND JNOMO[qQ UI] IO 90y wof [duuosiod 3093j01d 03 saur] uInar wsAs SuIjo0d 19A0 SpIaIys YIomys1| ‘orduurs [reisug
uountedwos surdus oY) JO IN0 PIOE Y} JOAIIP Pue Jo9[[09 0} 1addnos € se 9AIds prnoys ainjonys j1oddns A1oyeq oy -

“IOAO-[10q 10 93eye9 PIoe 0} snotAzdduwl ST Jey) [BLIOJRW € JO 9q pnoys armonns jroddns A1opeq oy -

:91q1ssod jou ST SIY} QIdYM SOOUB)SUL 9SO} U] Juoutedwiod suISus ay) Ul SOLId)eq 9Je00] J0U 0

own pasdeo sojnurw (¢ ungm juotaoe[dar yo sjqedes aq pinoys (s3joq Jurwn Surpnjoxa) 3[oq SALIP A3uls Auy

"SQUI| UINJ2I WA)SAS SUI[000 JO SpjojIuBUI JSNeyxd 0} AJwurxoid 9So[d ul 9q 10U P[NOYS SIN[1J [10 PU. [aNJ 03 SIdO[IAUD 5900y

-a3ueyo 191y SuLINp [onJ [enpIsal 0} Anp ISIXA [[IM pIezey AJJes ou AINSUS 0) SIAN[IJ [ong Jed0]

"SI} 110 Pue [onJ 0} 9dO[OAUD S0 J[qeMIIA PUR JBI[D B IPIAOI]

“J0119 10J Tenuajod oy) pue soyouaIm anbio} ojeurwI[d 03 SIOBJIUI 9SOY WISAS SUI[009 [[& Ul Jud[eanbs 1o sdwelo ad4y 30s-bioy, asn
'sonoyes [e1Sojur Yim pue dAnded 9q 0) SOOBLISIUL J[OIOA-0}-0UISUS [BOIUBYIOW [[& J0F drempiey Suryoene udiso(

"paxmbai jou s1 9[oIyA

o) Jopun JuIMBID Jel) OS PUB SIJUIBJUTBW J} JO MIIA [[NJ UI 3G 0} J[OIYIA ISOY I} PUB A[UIISSE JUISUD O} UAIM]II] SIIBJIAUI [[B uFIsoq
-own pasde[d sanurw (¢ urgiim paose(dar oq ues s1augr pue

‘s3n[d-o[3 ‘s3nyd yreds [e amsuo 03 poudisop 2q pnoys aImonys pue judwedwod duISud oY) 03 AJQUISSSE UISUD A} JO IOBLIIUI O [,
*9109 U} JO [BAOWI 21INba1 Jou [1M S9dO[IAUD SSI09E JRl]} 2INSUD P[NOYS 109 JOJRIPE] PUB Ue) SUIJ00D I} UdIMIA] QOUBISIP oY [,

‘puey o[ew 9[1uedIad G/ 9y} 9JepPOWILOIL

M sjuounsnfpe pue ‘Fuum ‘s3umiiy ‘sour] 0} sodo[oAud $$900B 9} QINSUD PINOYS [[BMAI Pue SUISUD Y} UIIMIQ JOUBISIP Y,
‘(Sunsioy Sursn) peayIoA0 WO UBY) ISYJLI OPIS IO ‘IBdl JUOIy ) WO SouISud J[OIYdA PunoIs Suraouwalr 10y s3doouoos asn

9[o1yaA punoi3 oy Jo Sunsioy Jo unyoel axmbar jey; s3doouos [eaowar oUISUS pIEMUMOP OSh J0U O

-a8eyoed aurus dn-ying-Any e Suntoddns pue unsioy

Jo ojqedes pue ouidus oY) 0) [eI3SIUI 9q 0) [BAOWRI puk uone[[eisul Suump suidus oy Juruonisod 10 Junsioy Joy syurod prey udisaq
"S9UOUIM 9nbIo) J0J PISU A} AJRUIWI]S 0 AUBMPILRY SUIYIRIIL JUNOW AUISUD SB SIdysem anbio 1o s3joq Suniui-onbioy asn)

"paxmbai jou s1 9[oIyaA 313 Jopun SulMeIO JO FUNISIOY JeY) OS SI[OIYIA PUNoI3 10J SJUNOW dUIFUD [[B 0} SSIIOB OPIAOI]

‘STeu3IS pIeOQ-UO 0} 1V ZIUOIYOULS

0] POdU 3} PIOAE 0} J0}oouUOd B wol [eudis B Aq 9[qeaoe[dor oq 03 o[npouw dY} UO JUIPISAI B Jey) SYOO[O IO SIOB[[10SO UJIsog
~juowdmbo 3593 Are[Ioue 103 paou oy ojeurw]d Jo judtdinbs 3591 AJrdwrs 03 suorjouny onpow guruonied 10y 3deouos syerodroouy

81-(D)ONH
LT-(D)ONH

91-(D)ONH
SI-(D)ONH
¥1-(D)ONA
€1-(D)ONH
Z1-(D)ONA
11-(D)ONA
01-(D)ONH

60-(D)ONH

80-(D)ONH
LO-(D)ONH

90-(D)ONH
S0-(D)ON™
¥0-(D)ONH

€0~(D)ON™
70-(D)ONH
10-(D)ONH

€1-Dd
¢I-Dd

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



v<-O

‘uornje[[eIsul
ourduo 10 ouiduo oY) YPIM Ppajeroosse syuouodwod asoyy Joy 3deoxd Ayaeo ouiuo oy ur syuouodwos 1o juowdinba 93edo0[ jou o
"UOE[[ISUI PUEB [BAOWAI SUIPN[JUI ‘YoUl | 29 P[NOYS JWEIJIIE PUB JUISUD U2AM)] SOUBIEI[O WNWIUIW I ],

'ss001d uone[[eIsuI pue

[eAOWIAI 2IUS A} JulINp SIXE [[B UO dUISUD I} JO [OJUOD uleIUrERW 0} 3[qIssod 2q P[NOYS II ‘[BAOWDI UISUD Y& IO PIEMUMOP JIYIID 10
"Jeloare Jy S 10j 2AneUIg)E 9[qeIdoode ue 9q PInoys [eAOWI dUISUD YV

‘[eAowdI durdus 10§ paimbar oq jou prnoys Suryoel PYerary

“JJeIoIre oy} Jo Mopeys dy) urgim poysijdwoode oq Pinoys sI19LLIEd JJo payerodo 9q 0} popuIuI JJeIolre 10J [EAOWI dUISug

"SIoFUBYOX

189 [10 IO [oNJ PajedIpop JoAo oouspedald oxel pinoys Sunnol yuIs yeay [ong Ioy opraoid 03 sSuisnoy pue sases xoq Jedad suigus Jo Juro)
"oUISUQ Y} UO PIJeo0] SIOIAP SISA[BUE [I0 JL1W0N03ds PIBOQ-UO UIRIU0d PNOYS SWAISAS [10 QUISUH

‘s3uruado $s900k JWRIIIE J[qR[IBAR AU} YINOIY) PI[[eISUl pue PaAowI Furaq Jo 9[qeded 9q Jsnul SALI0SSIIOE PAIUNOW-IUIFUD [y

*S[OTU0D [BOIUBYIIWL JOA0 90Udpadald a3 pinoys sydoouod Surpoiy 3ys1[-£q-[00U09 10 1IM-Aq-[013U0D)

*AJ1ABD QUISUD OB J0J SUONBIUSLIO JO SUONISOd [BOIIUSPI UI 9q P[NOYS SIOBLIUI SUISUI-0)-JWRILIE O} ‘SI[OIYIA I8 duISud-Ijnwt uQ)
"‘uoneINSIJUOIaI 10§ PAdu oYM K)IAed duIus Aue ul pajfelsur Suroq jo ajqedes 9q prnoys sauIsua oy} ‘Sa[OIYA Il dUISUd-Nn uQ
'$9%0q 1803 payunow-ourud 0} SOLI0SSI00E Junow o} sdwe[d pueq-A s}

‘uonezLRNPOW

owSuo Ajrdwis pue ooueyuo 0} S}OOUUOISIP OUI-UI UIBIUOD P[NOYS SI[NpoOW duISud arow 10 om) Juruueds Surnmm pue Juiquund
‘SpIn[} urejos

pue den pnod jey) sqmyieq pue ‘S[QUUBYD ‘s1a3d0d JO 225 9q PINOYS SA0BJINS AJOSSIOIR PAUNOW-OUISUD PUB SIOBMNS JUITUD JOYIO [[V
‘sjuouodwos pue SALI0SSAIE JO Judwdoe|dar ojdurs

pue omb amsud 03 jonp uej YPIUI-[[NJ JO ‘OseD JUISUD ‘OSBD UBJ AU} 0) JXAU PIJBOO] 9q P[NOYS SOUI| PIN[J PUE Il PAJUNOW-IUISUD [[Y
1910 oy} [ref

JO dJeUIUBIUOD JOU [[IM dUO Ul SAIN[IE] IO Jedm Insud o} sarjddns 10 [enprAIpur 9Aey PInoys xoq Jeds pajunow-aurdus pue aursud oy,
-orerrdordde se 3500 9[040 9J1] pue ‘dourudUIEW puk UoneIado ‘A[IqepIolje YIm 9JeINSUSIIOd SO1SOUILIP

pue 11g JO 93139p 1soySIy 9} urejuod prnoys sydoduod Je[IWUIS PUE ‘SJONUO0 ITUONIIS [BHSIP d1RWOINE A[[NJ ‘S[OIUOD JTUOIII[ [eNFIQ
“TeaM JO

Sunyoen pue uone[ost N Pue SINAH 99ULyUS 0} SJUSWIIO JOOBI) JUSISHIP UIRIU0D P[noys A1ouryoew ureiol Jo jusuoduwiod JudIoiIp yoey
“BurIojiuow 3eay SuISUd puL IDUBUUIBW UOHIPUOI-UO JO JUSWAAIIYOE premol (JNJI)

SuLIO)IUOI SHIQ( dABONpU] pue (SINAH) SWISAS SULIOJIUOIA SUISUY O1B)SONII[H JO A3ejuBAPR O)B) P[NOYS USISIP QUISUD JO SIO08J [V
‘SIQUIBIUTRW A} 0} 9[QISSAIIB A[J0IIP PUB J[qBMIIA A[[NJ 2q 0} suonenduad pue ‘s10)00uu09 ‘SSuIPLy [[emalr [[e udisoq

"UO1309)ap 9] PIN[J 90UBYUS Puk AJANOO[JAI JYSI| d0UBYUD 0} UM SsO[3 sjuountedwos surdus jureq

02-DNH
61-DNH

81-DNH
LT-DNH
91-DNH
SI-DNA

Y1-DNH
¢1-DNH
C¢I-DNA
TT-DNH
01-DNH
60-DNH
80-DNH
LO-DNH
90-DNH
S0-DONH
¥0-DNH
€0-DNA
20-DNH

10-ONA
0Z-(D)ONH
61-(D)ONHA

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



S¢O

‘suonoadsur (qOf 998F surdus Surmp
O[qeMAIIA A[[NJ 2q P[NOYS SIOUJISE] U] 908} oUISUD Y} 0} SWOP ISOU Y} OB} 0} SaINJedf Surd0[-J[os SuIurejuod siousjsey aandes asn

‘umop-jnys Io ‘voneudess ‘oryerodwdy
I0A0 ‘paads I0AO Ul JNSAI ued UnpIm juduodwod-qns B Jo amiyrej 9[SUIS OU Jey) Yons 9q PINOys S[0NUOD JUISUI OIUOLIJ[ JO USISa

"Pad[o0] pue PoJeas A[[nJ SI 90BJINIUI AU} JeY) UOTIBOIPUI [enSIA oAnIsod urejuod pnoys syoeuuodsip yomb Juiqunid ojoryoa-o03-ourdug

"JJ0-1Mo J[p1 pue Q[pt ‘1omod wnwirxew Surpnjour Surd3L oursud jo adA) Aue Sunyew 1o
A11SS900U ) 9J8FoU P[NOYS ‘S[ONUOD JUITUD JIUONIJD Jo sanIiqeded Iy ym pa[dnod saoeLIoIUI S[IIYIA-03-2UIFUD JO SONSLIAIORIBYD AU,

‘3urddoap 10 ssof juaaaxd
0} ureyd JIo J[ged & urejuod pue ‘puey Aq djqeuado ‘sarmies) Suroo] [eI3ajul dARY pnoys sded pue ‘s19A09 ‘sgumiy Suroialds adAy Ayiaein)

'soInjed) Sunyoo[ [eidajur aAnIsod aAaey pnoys swisrueyoaw 2doosaroq [y
-Kyiqerpar 1o Augojur Jusuodwod 309301d 03 A[9[0s pauue[d oq pInoys SUOIOE PI[NPaYDS J0 SjuauoduIod dFueyo-owl) ON

‘pouado s100p
$S900B QUISUD PUB PI[[ISUI JUIUD JY) M I[qBMIIA 9q P[NOYS sjuduodwod PAUNoOW-auIFud [[e pue duISud oy} uo sjed uoneoyuIP]

‘uonsod
pouado ayy ur spuim HJN 09 Surpueisyiim jo o[qedes oq pnoys sinnys jaoddns [er3ojur 11oy) pue sjoued pue SI00p $Sa00e duiduy

‘poxmbar o1e syuousnlpe opeis [onJ [enuew Ou Jey} OS SIS[ONUOD JTUOIII[O PUE S[ONUOD [onJ duISUd Y} USISoq
‘Juouodwos pajunow-oursus Aue jo juowade[dar o) Juonbasqns paiinbai oq pinoys uoneiqies 10 uI3LI ON
“1omod Areyrrua Surpnpour pue 03 dn uonerddo punoid oursud 0] SIOOP SS999€ SUISUD [[BISUIAI IO SO 0} ATBSSIOU 9 JOU P[NOYS I]

-o[qussrurad st JYSI[F 159) [eUONOUN] B ‘A[SNOJUBI[NUIS
poSueyo orom saurduo [joq Aadym YJerome duiSuo urml u() -ddueyo ourdud Suimof[oj paimbar oq prnoys IYSIF JOoUO [BUOHOUN} ON

Juowoor[dar ourSus SuIMo[[o} paanbal aq pnoys 3no3d9Yo pue 1ae)s [euonerado suISud oN
‘Juowooedos ourduo Jurmor[oj paambar aq prnoys uoneiqiyes 10 Sui3s oN
Juawade[dar 10 dourUdIUIBW JUISUD SULINP INOJ0 JOUURD 9FLWEP Jey) OS SIOSUdS SUILIeM JIIJ PUE JeAYIdA0 duISud uonisod pue 91807

‘3urnbioy oxmbar jou prnoys pue ‘suorsiaoid A)oyes [eI3oul UrLIUOd

pInoys ‘puey Aq pojoouUUOISIp I0 PIjoouu0d Fureq Jo d[qedes oq prnoys sdoepoul jonp pue ‘Surnm ‘urqunid owele-0)-ouwsud [V
"pa[reIsul aurdus I M J[qrssod 2q pinoys s1031uF1 (e Jo Judwde[day

“dn paxooy pue paj[esur auIdud Ay} Yim 9[qIssadde aq pinoys suoisiaoid odoosaroq ourdud [y

"O[OIYQA o)

Jo ssof Surzipiedoal moyyim sojnurw ()] Joj A1 NAYUAIYE] 92130p-(0( © Surpueisyiim Jo d[qedeo 9q PInoys aInjonis AJAD dUISUD o],

‘TeAowox
ourdus 10§ Suruonisodar 10 [eaowal a1nbar pnom jey) Jouuew B Ul AJAed Aeq duIsud ayy ur syuouodwos 1o judwdmbs 93e00] JoU O

I7-DNH

07-DNH
6¢-DNH

8¢-DNH

LE-DNH
9¢-DNH
SE-DNH

YE-DNA

€€-DNA
¢E-DNA
[€-DNH
0¢-DNH

6C-DNA
8C-DNH
LT-DNH
9C-DNH

ST-ONA
YC-DNA
€C-ONA

CT-DNH

1Z-DNH

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



9¢-O

‘sadojoaud yoeoirdde

SS900B 1O SBAIR SSAJ0B J[OIYIA SUNSIXD 0} SO0 JILNSAI 10 Y00[q Jou op Aoy} 0S (S,dDd.L) SIITAI( PUR ‘SIdUIBIUOY) ‘SPOJ ‘SYUB], 218O0]
"S9USIUY Jo ‘S3upeod ‘QImonys SupunoLms pajedr) Woiy Aeme pajodlIp aq Jo wolj Aeme mo[J pjnoys suroned jsneyxa aomjeradwd) ysiyg
‘Bunjeooar Jo sasodind oy} 10J S[eAOWAI PA[NPAYDS 21rnbai jou prnoys seare }sneyxa pue sU0Ndds 10y duI3ud J0J parnbar sjuswyeal],
‘spunod-100} (¢ Jo [e03 uSIsap

B 3IM 9FewWep 9[qe1d00)ap IO [ensiA ou s spunod-100f (01 Jo (JAT) 10oedur A3100[9A mo] Jo o[qeded 9q pnoys SAJBLINS PuL SAYSIUL) Y],
"SJUSUWIUOIIAUD [euone1ddo papuoiul [[e ul

PaousLIadxa SUOIIIPUOD 991 PUB ‘MOUS J[s ‘[Tey ‘Urel [[e JsureSe 9[qenp pue yim o[queduwiod aq pnoys sIYSIUL} Y} ‘SI[IIYIA PUNoi3 104
*s[[e1s J0ssa1dwoo pue Jooys JoWey Jsurese d[qesnp 9q p[noys Jo[ul UISUS oy} YIM SAYSIULJ [[B PUB S[BLISJRW ‘SI[OIYIA QUIOQIIE 10,
‘suoneoo] [eo1yder30o3 110sop 10 pLe

ur poousuradxa spoads purm 9oelmS [[e JNOYSNOIY) UOISOId pues jsureSe d[qeInp 9q P[noys saysIuly oY) ‘SO[OIYIA PUNOIF puL dUIOQIIR IO,]
-odojoAud JySiyy oy In0YSNOIY) UOISOIO JTWRUApP pue ‘[rey ‘urer jsureSe o[qeinp 9q P[NoYs SAYSIULJ oY} ‘SO[OIYIA dUI0qIIe JO ]

‘wnpoads Arpruuny pue amjerodwe) pIepue)s ay NOYSNOIY) UOHEBIOLIIP JUIWILL 10 J80d doy ou oq pInoys 219y,

"SpINJJ WaISASqNs 9[OIYIA [ PUB ‘SpIN(} FuIULa[d pue Jurysem ‘spnjj

UONBUTUIB)UOIIP [BIISO[0Iq PUB [BIIWAYD ‘SPINJJ 991-9p PuUB AJI-NUE [[B [Pim d[qnueduiod aq pinoys saysiuly ‘suneod ‘Sjuduiedn) ‘S[eLIoeAl
'$1030939p dIyo onoudew ul ‘Jjo-uing zznj 10j suoisiaod ajerodioou]

‘uondadsur [ensiA J0J POAOWI UIdq ST 10J0J0p A} S INOJ0 [[IM JJO-INYS [10 Jey) INSUL 0} $1039239p diys onouSewr udisaQq

‘suonoadsur adoosaroq Surmp suigrn} pue ‘10ssa1dwod ‘uej oy JO UOLLIOI MO[S KI9A d[qeud 0} suolsirold ojerodioouy

“JN990 J0U Op suoledIpul aInssaid e)jop os[ej aInsus 0} uoryodjoid agIns-nue Yim s1[1J [10 pue [ary duISud 9pIA0I]

‘SuIsnoy J10)[1J 9y} UIIIM WOIJ A[UO JOSI 9q Ued AJ} 0 s1oyedIpul a1nssaid eyjop 1oy[1 [10 pue [onf surSud udiseq

‘3unbioy ou axnbai pue ‘puey Aq poAOWAI pue PI[[eISUL 9q UBD A9} OS SaIMLd) SUINOO0] [BISIUI YIIM SIY[1J [I0 pue [onJ ourSuo udIsa(
"SuMOopINYs om) wolj [ong Sururear Jo a[qedes yue) 10309][09 paJUNOW-IUIFUD UE 0) [oNJ oY)

oInoI ‘aurapms sy} mo[[oJ 01 3[qrssod Jou SI I USYA\ ‘PIBOGIOAO P[OJIUBW/[OJIUOI [dN] SUISUD I} UI [onJ [enpisal dwnp Jo ureIp jou oq
"91oIY2A 350y A sk sjuawdambar Ajiquedwoo

pue uon22)01d [EJUSWUOIIAUD JWES Y} J99W 0} ‘SWSIUBYOUI Pue ‘sjonp ‘Surnm ‘Suiquinid ‘sa110ss200€ [[e Sulpn[oul Quidud a3 usIsaq
"uoneo0] A10SS2008

PAUNOW-AUIUD JO SSA[PIB3AI ISIXD sqmyieq 1o sden pimyy ou jey) OS 0RO AIOSSI0JB PIUNOUWI-AUISUD PuB QUISUD JIseq A} uFIsoq
"9[91y2A 3s0y a3 doje 10 uodn Surquurpd djeurwI[d 0} (039 ‘s10JeIdUAS ‘s9X0q JBd3

‘syuey [10 ©8'9) aurdud oy} Jo do} U0 PAJUNOW SIALIOSSIOIE QUISUD IIIAIIS 0} PUNOI3 oY) WO 9[qISSAI0E syulod SUIOIAIOS J)OWAT PIAOI]
"O[OIYA QU3 JO J1] SY} JOJ JUIIOLJNS SI 1] [BIS AINSUD 0} [BLIDJBW [BIS 10NP 19[UI-03-0UI3UD JI9[9S

*90BJIOIUI JUSUIYOL)IE [BOIURYOSUW 1O ‘Judusnipe

QuowudIe Jo wioy Aue SUIPOAU IJNOYIM UONE[[BISUl QUISUd SUuLINp ONBWOINE SI QOBLIOIUI OY) OS [BIS JONP JO[UI-03-ouISud USISo(q
‘[eaowar surdud Surmp ooe[d ur o[ 9q UL A1} 0S O[OIYIA O} 0} S[EIS SIBJIAIUI JONP JO[UI-0)-JUITUD YOeNY

10-1LXH
C0-HXH
10-HXH

LO-ANH

90-ANH
S0-ANH

0-ANH
€0-ANH
¢0-ANH

[10-ANH
¥S-DONH
€5-DNH
CS-DNH
IS-DNH
0S-DNH
67-DNH

87-DNH

LY-DNH

997-DNH

St-ONH
P7-DNA

€7-ONA
Cr-DNH

auIpPpID

(pyuo)) saurpEpIN Jo sI|
O XIANdddV

VOLY-AddH-"TIN

sIdquIny] AuIPpIND



LTD

‘yun o[qeooe[dor pajre} A[oyI[ ISOW Y3 JO UOILIO0] A} AJIIUSPI YOIYM SILTBUONOIP d1nfie) Jo pue sjndino aSessow

[[& JOJ S1ONISUOd QUIINOIqNS Yjoq JOo 93ejueApe o3} pnoys aIemijos 3593 oy, “Ajuorid 3593 Aq paInjonus SI i1 Jey) 0S 91emijos [[e udsoq
uonIpuod pajoadxaun) -

osuodsal JuelsIsuoou] -

asuodsai oN -

asuodsar 10a1100U] -

:sopowr asuodsar wasAsqns SUIMo[[o} Y} 9JePOUIUOIIL UL AJY) Jey) OS SIS9) Jrun Ay ugIsoq

-qutod yre)s i1 Je pajenIuI-a1 udy) pue uond[dwos o3 Jord pojeuruId) 9q UEBD I1 el OS 19} Yoed udisag

'§159) Jossadopald Ajond 1oyS1y oYy 03 jeUIPIONS 9q 0} UOHRNIUI [ USISaJ

*$159} 1OU30 [[& JO Juapuadapur oq 03 1593 [ Yoed uIsoq

(@O4) 23ewep 102[qo uSra10] [enuajod JO 99INOS B PUB UOWIWOD

are Surddins 03 anp sioudsej anbiol-1H Jo amyre ‘sioud)se) anbioj-1y 03 pasoddo se s1oussey odA) [a1req ojerodioour 9jqissod JoAduUY M

*$100) [e199ds uey} J9YJeI S[00} PUBL UOWIWOD M J0 puey Aq djerado doj juowarmbal ay) uo paseq SIOU)Se} 9S00y

oAnpdes pue ‘paoe[dar pue poAOWAI AJISBD ‘OSBI[AI oIb Woy) Surjew S[IYM SISU)SE] SSOI0B JZIWIUTA]

"PIALS 9q UBD }SOJ 9[qIOPISUOD dIOUM IO ATBSSO00U A[9)njosqe 19ym AJUO SIQUQ)SE] pPullq 9S()

‘[ouuosiad J0J spIezey 9jea1d P[nod jey) seare ur syuade Jurysisunxs jo Surdwnp Jo FunuoA pIeoqidoAo 10J suorsiaoid 9jedo] Jou o

‘pAjuBLIEM
SI oI ® JO UOIEOIPUI [ENSIA JO/PUB WIE[e 9JOWol JI JUIULIAP 0} Souoz a1 Jo 9dA) pue JusWUONAUD [euonelddo o[o1yoA ) ozAeuy

‘pAjueLIEM ST JUswdmba Jo JJo-1nys/dols 910wl JI SUIULIIAP 0} SAUO0Z 11 JO 9dA) pue JusWUOIIAUL [euoneIado J[OIY2A 2] SZATRUY
"90UBURIUIRW J[OIYIA SULINP SUOHENIS

Kouagiowd Aysnes 0) uonisod stojerodo 10 ‘Uone)s ma1oAIdyo0d oy} WO A[9JOWAI WIISAS A} AjeAndR 03 AjIqeded 21euId)[e UB IPIAOI]
‘doueuLjUIRW SuLmp d3ewep paonpul s)udAdId Jey) Jouuew € ul soorjrojul Suiquun