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SUMMARY

The prediction of preventive/scheduled maintenance down time has been S

a problem for design and maintenance engineers. Without a viable technique.-.

for prediction, design visibility isn't possible during development and

design planning. Such visibility is necessary to provide the lowest

possible life cycle maintenance costs.

This report provides two techniques from which scheduled/preventative

down times can be predicted based on equipment design features and the

amount of information available at the time.

The first prediction method was designed to use the limited amount of

information that is available during the Validation phase of development.

This technique uses generalized weighted reference tables which the

engineer must fill out according to the general characteristics of the

design. These weighted values are averaged and applied to a standard time

line distribution which allows predictions/estimates of preventative/

scheduled maintenance time to be made.

The second prediction method was designed to use the specific detailed

information that is available during the Full Scale Development phase. The %

technique uses lists of individual task element times differentiated by

design features, a mathematical model and expert judgement to fill any gaps

in the task element list. Accession For
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In comparing the two methods, it should be noted that the first method

takes into consideration the administrative time necessary for a given

maintenance task as well as the required active time, whereas, the second

method calculates only the active time required to perform a specific

task.
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1.0 INTRODUCTION

1.1 Statement of The Problem

This study was conducted in response to an emerging concern throughout

the DoD regarding expenditures of time and money as well as expectations of

large outyear manpower requirements which result from preventive maintenance.

Recent estimatesl,2 indicate that between one-fourth and one-third of the

total DoD budget is spent on maintenance and as much as two-thirds of total

maintenance manhours fall into the category of preventive maintenance.

Historically, no adequate or reliable method has existed for predicting the

time or manhours required to keep electronic systems or equipments

operational. Because no reliable prediction method has been available, the

impact of scheduled and preventive maintenance on overall system maintenance .

requirements has rarely been included as part of system specifications or

taken into account in maintainability design. Scheduled and preventive

maintenance impacts manhour expenditures, system availability, and spares

provisioning. For purposes of this effort, scheduled or preventive maintenance

is defined as maintenance actions or tasks which are not associated with

equipment failures per se, but are required to maintain system performance

requirements. Examples of such actions or tasks include scheduled replacement

of parts, realignment, adjustment, performance checks, calibration or cleaning.

Under the most commonly used design approaches, little emphasis is

placed on preventive or scheduled maintenance during the design phases. As a

result, once deployed, a system is often maintained as needed and a preventive

1 -.
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itenance philosophy is developed after the fact. This method is not

icient, results in unanticipated downtime and manpower expenditures, and

t times necessitates costly design modifications.

With virtually every electronic system and equipment requiring certain

lacement of parts, realignment, adjustment, or other planned maintenance

ion, a reliable method is warranted which will aid a designer or

ntainability engineer in controlling and predicting the impact preventive

ntenan-e will have on overall maintenance workload and time.

In response to this need, the present study has provided a reliable and

id method for predicting scheduled/preventive maintenance task completion

es in relation to equipment design. This method concentrates on predicting

power expenditures. In addition, this method provides visibility to

,eduled/preventive maintenance and gives maintenance engineers and designers

,ool to aid in determining an appropriate design rationale for minimizing

!rall preventive maintenance time and cost. The procedures outlined in this

,ort apply to a wide range of preventive maintenance tasks and actions, and

capable of being used during both early and later phases of system

luisition.

An important component of these procedures for predicting preventive

ntenance task times relates design features to task times such that design

ideoffs can be made during concept development phases early in the

luisition process. Once a system is designed and fabricated, redesign

omes extremely costly and, therefore, is rarely done. A system designed

.h cognizance of preventive maintenance requirements will have lower life

:le costs.

1-2
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The present study is parL of a family of efforts to advance knowledge

maintainability design and to derive methods to reduce maintenance costs

irough predicting and understanding them.

.2 Study Requirements

This study is part of a program initiated by RADC in response to the

)ncerns identified above. The study objective is the development of

rocedures and techniques for predicting preventive maintenance manhours and

ime required to keep electronic systems and equipments in operating

ondition. Central to this objective was the requirement that these

rocedures relate system and equipment design features and characteristics to

equired maintenance manhours and to other time expenditures which result from

reventive maintenance. The prediction techniques developed were to be

apable of use during validation and full scale development acquisition phases.

Two types of data were required to be collected. One type was

ngineering information which pertained to system or equipment design features

nd characteristics that impacts preventive maintenance needs. The second

ype was preventive maintenance manhour and time information related to

'arious specific types of preventive maintenance tasks. The data were to be

aken from systems and equipments of varying types to yield a

tatistically sound product and to accurately represent the electronic

quipment population. On obtaining the data, relationships between design

eatures and preventive mairtenance task completion times were to be

valuated. Finally, the product was to provide a prediction technique which

1-3
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Subjective Estimation

As we examined other study alternatives our attention was drawn to a

of work performed at Bell Telephone Laboratories over the past 10 years

)lving subjective estimation of work times. The following paragraphs

;ent a discussion of that research, and our reasons for adopting the

jective estimation approach.

.1 Subjective Estimation Background

Tieger & Felfoldy5 have summarized studies regarding subjective

imation techniques. Their research grew out of a Bell System need to

imate maintenance times for tasks for management purposes and for legal

port. However, the tasks to be estimated varied over immense ranges and

e usually performed in environments not conducive to measurement. For

mple, consider the task of installing an extra telephone extension outlet

a subscriber's residence. The steps involved in this task could vary in

ms of existing outlets, locations of drops, accessibility, exterior and

erior construction materials, and other factors. Even if these factors

Id be taken into account, the work is typically done by a single installer,

therefore, attempts to directly observe the work would be intrusive and

Id affect data quality. Consequently, a subjective estimation technique

developed by the Bell System to acquire otherwise unavailable data.

dies and applications of the technique have indicated that accurate data

be obtained through its use.

3-2
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3.0 ESTABLISHING THE MAINTENANCE TASK TIME DATA BASE

In order to produce an accurate prediction technique, a data base

reflecting more accurate input data needed to be developed. Two candidate

methods for establishing a data base were evaluated, time and motion studies

and subjective estimation techniques.

3.1 Time and Motion Studies

The industrial engineering literature is rich with a long history of

time and motion studies 4 . Such studies apply vigorous measurement

methodologies to tasks, often with the goal of redesigning the task and the

system to optimize workers' output. To this extent such methodologies

coincide closely with the objectives of this study. Two major factors

however, limit its application as a general methodology. First, a useful

method is one which can be used to evaluate proposed system designs in order

to possibly verify them before the system is built. Time and motion studies,

in order to be valid, must be performed after-the-fact and in that sense are

no more useful than and serve the same purpose as existing M-demo methods.

Second, if the goal of the present study is to relate design features to

maintenance times, time and motion studies encompassing many design features

would need to be performed involving enormous expense with little guarantee of

success. Consequently, time and motion studies were dropped from further

consideration.

3-1
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Considering these factors, we concluded that analysis of existing

recorded data was impossible since the validity of such data could not be

guaranteed. Even if the biases in the data could be studied in an attempt to

correct them, we found that the biases themselves vary. Therefore, in the

worst case, each data item in existing records would need to be verified

independently, involving effort equivalent to performing timed measurement of

all possible items.

.2-8- .-
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2.1.3 Harris Calibration Laboratory

Another source of PM data was the Harris Calibration Laboratory,

patterned after the Air Force PMEL's. The only scheduled maintenance task

performed at the Harris Cal Lab was calibration, unless other tasks, such as

cleaning, were specified by the equipment manufacturer for proper operation.

Time actually spent calibrating equipment was not recorded but guidelines were

set by Technical Order Manual 33K-l-lO0. This manual lists average

calibration times for various electronic equipments, similar to PMI or MRC

cards. Again, while these data are useful for Cal Lab administrative

purposes, they were of limited utility for this effort.

2.1.4 Evaluation of Data Environment

According to the expert maintainers' interviewed, preventive

maintenance procedures, periodicity, and approximate times to complete tasks

were taken from equipment manufacturer's specifications and modified. PM

manhours that were recorded, and in most cases they were not, were inflated or

reflected expected standard times and not actual task completion times. The

primary lessons learned from our examination of the field data environment

were that: (1) data collection systems, forms, and methods vary widely among

sites and commands; (2) data are not always recorded; and (3) when data are

recorded, they are often overestimated or underestimated depending upon local

practice and other reasons.

2-7
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0

man Work Card No. D PR T NAVTHADEV P-4128 Electrical Power

ute Aes2. MOTION SYS$TEME MECHANICAL. AND ELECTRICAL CHECKEOFO I

:02 47 13. Look for le~akageo in the following hydrauli, pumping equipment. check fluid level In
reservoir A&nd position of inlet/outlet valves:

A. Motion pump units

b. Control loadinig ptimp unit

C. lDoosi pump

d. Hydraulic fluid rr'iervoir

e. W~ater heat exihain.cr

f. Return link filters

:01 49 14. Observe the ten FILTER7 Incicaior lights on the HYDRAULIC POWER MIASTER CONTROL
puinel Illumnrat ion of .iii of these lights indicates the respective filter elciients(s) must
be changed.

01 47 IS. With the hydraulic system 1,ressurized, inspect for normal operation by Checking that the
pressure gauges read 1200) psi.

Continued

Figure 2.1.2-1 Navy Maintenance Requirement Card
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OMB No.MAINTENANCE DATA COLLECTION RECORD 121-40227

1. JOB CONTROL. NO. 2- WORK(CENTER 3. 1,0. NO./SERIAL NO. 4 MOS S. SRO B. TIME 7, PRI S. SORTIE N0. 9. LOCATION

to. ENG. TIME Ill. ENGINE 1,0. 112 INST ENG TIMEJ 13. INST. ENG. I.D. 114. JIS. 116. 17. .t spe .,Q 18. JOB STO.

1B. FSC 20, PART NUMBER 21. SIR. NO/OPER. TIME122. TAG NO. 23. INST. ITEM PART NO. 24. SERIAL NUMBER 25. OPER. TIME

A r C -0 1 F aN I J EL M1

-~TYPE IOPATON WHEN SATTO CRWCAT CMO SCH AFSC/EMP.OYEE

MAiNT POS UI CD TAKEN DISC NOW MAL UNITS HOUR DAT HOUR SIZE LAS ACT ID CODE NUMBER

2

3

4

26 DISCREPANCY

27. CONNECTIVE ACTION -

ATO rR 349 IREVIOR E0ACTM 11L .

DEFENSE METEOROLOGICAL SATELLITE PROGRAM

-PREVENTIVE MAINTENANCE SCHEDULE

DAY 14 DAY 28 DAY 56 DAY 84 DAY I6 A ANNUAL DAY

WORK AREA CODE NOMENCLATURE INSPECTION REFERENCE

DATE COMPLETED BY DATE COMPLETED BY DATE ICOMPLETED BY DATE ICOMPLETED By

WM5P fYM A ALM AFC5 I10, EYFemP~r Rom 64-5

Fi gure 2.1 .1-1 Alir Force Mai ntenance Data Collection Forms
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cases the time allocated was e,.-essive given the steps required for the

preventive maintenance task. Examples of Air Force maintenance data

collection forms are shown in Figure 2.1.1-1. Maintenance data collected -

using these forms are usually stored on the base for reference.

Most maintenance programs appear to include the same basic steps.

These steps guide the maintainer in performing preventive maintenance tasks

and in recording maintenance data.

0
2.1.2 N

The Navy maintains a Planned Maintenance System (PMS) which is part of

the Maintenance, Material, Management (3M) system data base. The 3M system is

separated into shipboard and avionics sections. For each equipment, a series

of Maintenance Requirement Cards (MRC), as shown in Figure 2.1.2-1, are

available to assist the maintainer in performing maintenance procedures. Time

spent on PM tasks may be entered on a number of forms, depending on the base

and systems involved. Examples of Navy maintenance data collection forms, as

shown in Figure 2.1.2-2, include the Support Action Form and the Visual

Information Display System/Maintenance Action Form (VIDS/MAF). However, like

the Air Force, accurate times to complete PM tasks could not be derived from

the forms. Since the data collection methods used by the Navy were similar to

Air Force methods, the Navy 3M data base was not used as a data source for

this study.

2-3
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2.1.1 Air Force

Surveys of preventive maintenance data and procedures were taken at

four Air Force installations, including Patrick AFB, MacDill AFB, Edwards AFB,

and Offutt AFB. The purpose of these surveys was to evaluate Air Force

maintenance data sources and procedures. To collect this information,

maintenance documents were reviewed and maintainers were consulted. The

common Air Force Maintenance document was the Air Force AFSC 66-1 handbook

which is used as a guideline for maintenance procedures by some

installations. The handbook is divided by classes of equipment (e.g.

avionics, communications) but used primarily for corrective maintenance.

Classes of equipments are assigned to various commands. A systems or

maintenance manager at each base is responsible for a particular equipment or

stock class. For example, at Patrick AFB, the Consolidated Aircraft

Maintenance Squadron (CAMS) performs maintenance on specific classes of - -

avionics equipment. Other forms of Preventive Maintenance, such as

calibration, are performed by a Precision Measurement Equipment Laboratory

(PMEL), usually located elsewhere on the base. Some Air Force Programs, such --

as the Defense Meteorological Satellite Program (DMSP), have maintenance

programs which do not follow the AFSC 66-1 system found on other bases.

One reference mechanism commonly used by the Air Force to allocate

preventive maintenance tasks is a set of maintenance cards. The cards, termed

PMI (Preventive Maintenance Instructions), list the task to be performed, task

periodicity, and predetermined task completion times. Task descriptions

listed on the cards that were evaluated in our fact finding were in most cases

ambiguous and did not contain sufficient detail. We also found that in most

2-2
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2.0 FIELD DATA ENVIRONMENT

2.1 Existing Data Base Examination

Because preventive maintenance is an integral part of maintaining

electronic equipment, it was initially assumed that task completion time data

were collected by the Air Force and other services as well as by contractors.

However, in reviewing a number of maintenance data sources and interviewing

field maintenance technicians, we determined that no organization consistently

or accurately recorded PM information in sufficient detail to meet the study

requirements. The time data available to us were inadequate for purpose of

this study, because, in most cases the recorded time to complete a preventive

maintenance task included the total time from taking the equipment off line

until placing it back on line. This "total time" included many extraneous

factors not specifically related to the actual preventive maintenance task.

For example, these times reflected the time the equipment was waiting to be

maintained due to lack of maintainer availability, and included times where

the maintainer was performing other tasks. In other words, the available data

were inadequate for quantitative data analysis and manipulation required to

develop a prediction technique.

In order to determine the existence and size of the preventive

maintenance data base and to determine data collection methods and sources,

procedures were examined within three organizations. These organizations were

the Air Force, Navy, and Harris Field Operations.

2-1
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with maintenance supervisors whose judgements could guide further data

collection and analysis. This capitalized on the fact that site personnel

have an understanding and intuitive feel for significant data which otherwise

would take years of formal data analysis and modeling to uncover. In fact, as

indicated in the following methodology and data collection sections of this .

report, we demonstrate that data collected from maintenance experts were

reliable and valid and could be used to develop prediction techniques

consistent with the purpose of this study.

To derive relationships between SPMA design characteristics and time

requirements, several data analysis techniques were used. These included

simple descriptive statistics, correlational analysis, and multiple

regression. The results were used to create the products for predicting

preventive maintenance task completion times. The final product consists of a

regression equation, a prediction algorithm, and design feature tables. Other

products, not provided in this study, such as flow chart decision aids,

decision tables, or software tool development guidelines could also be derived

from the results.

Our approach to product validation was revised early in the study to

accommodate limitations we found in the field data environment. The validity
S

of the prediction algorithm was verified using a subsample of the study data

base.
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were obtained. This process formed the foundation for the remainder of the --

study. A significant portion of early study activities, therefore, revolved

around learning about preventive maintenance, particularly through literature

surveys and in-depth interviews with experienced maintenance personnel.

Concurrent with data collection in the early phases of the study was an

evaluation of the adequacy of the current PM data base. Records were examined

in order to derive information relevant to the study, most notably information

regarding manhours expended as a function of PM. Several sources were

identified for use in this phase of data collection, primarily Air Force and

Naval Bases.

Early in the data collection process we expected to obtain four -

classes of data: (1) actual maintenance times, personnel requirements, and

tool and equipment resources which describe and estimate the cost of SPMA's,

(2) failure and degradation data related to the success of SPMA's, (3) design

characteristics which comprise the interface to the maintainer, typically at

the equipment and chassis level, and (4) design characteristics related to the

environment in which the to-be-maintained equipment or chassis resides, •

typically within racks, cabinets or shelters. However, due to the field data

environment, only actual preventive maintenance times, estimated maintenance

times, and design characteristics data were obtained. The data were

collected in a form suitable for both qualitative and, when appropriate,

quantitative analysis. Our goal and practice was to collect -ignificant

amounts of data quickly, efficiently, and inexpensively. This allowed

sufficient time for appropriate analysis and review of preliminary findings

1-6
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to implement and (2) accurately predict system downtime due to preventive

maintenance. The Harris study team identified the following study objectives

necessary to develop the methodology and satisfy the above criteria:

1. Identify a set of Scheduled/Preventive

Maintenance Actions (SPMA's).

2. Collect SPMA time and manhour data and validate

the list of SPMA's previously identified.

3. Evaluate two types of design characteristics, those

that relate to SPMA performance and those that define the

system.

4. Identify relationships between SPMA, design

characteristics, system characteristics, and

time or man-hour requirements. -

5. Develop the final products (prediction &

analysis techniques) and validate them via

sample application.

To accomplish these objectives, the study team implemented a field

survey specifically oriented toward the collection of SPMA data. During this

process, general maintenance knowledge and samples of task completion times

1-5 -. - o °
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6

could be used for estimating maintenance manhour expenditures as a function of

the design characteristics and makeup of a system. The technique was to be

structured for application during the validation and full scale development .

phases of system and equipment acquisition.

In completing the RADC program, the following requirements were met. g

First, maintenance tasks and actions defined as being preventive maintenance

(e.g., calibration, performance checks, scheduled replacement of parts, etc.)

were identified. Second, engineering data pertinent to electronic system and

equipment design features which impact preventive maintenance manhours were

collected. These data were representative of avionic and ground based systems

and equipments. The data allowed for the identification of the specific a

nature of the preventive maintenance task, the identification of maintenance

manhours that resulted from each maintenance task, and the correlation of time

data to specific equipment design features. Third, relationships between .

design features which impact preventive maintenance tasks and the manhours and

time necessary to implement such tasks were identified. Finally, the

resulting relationships and correlations were used to develop prediction tools

which, when applied, could aid in estimating preventive maintenance manhours

and times for electronic equipment.

I

1.3 Study Plan

The primary goal of this study was to provide RADC with a methodology i

which, when applied during early system acquisition phases, would permit an

engineer to: (1) make design characteristic trade-offs while still economical

1-4
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Our interpretation of each of the general components of the Bell

subjective estimation techniques follow.

3.2.1.1 Work Breakdown Analysis

Work breakdown analysis was defined as a detailed task analysis

performed to the lowest reasonable level to which an overall task can be

reduced. This may be derived from engineering drawings, examination of

equipment, interviews with experts who have performed the tasks and know the

steps invclved, or procedural manuals. In general, when a task has been

broken down tj a level where it can be represented in flowchart form,

including all optimal steps, the analysis is sufficient. We present our

refined definition of subtask "elements" in terms of an "action design

features" (A/DF) syntax.

3.2.1.2 Subjective Estimation

Data were collected from panels of expert maintainers via forms

which present the elemental PM subtasks and ask for minimum, most likely, and

maximum estimated times, where minimum (MIN) is the absolute minimum time to

perform under optimal conditions, most likely (ML) is the typical time, and

maximum (MAX) is the maximum time to perform under worst conditions but

barring catastrophes. In the Bell studies these times were beta-weighted

according to the equation:

Tpm [MIN+(4xML) + MAX]/6
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This provided averages weighted toward the most likely estimate. In our own

studies, however, minimum and maximum tended to vary symmetrically and,

therefore, we used.only the most likely estimate to compare to the actual task

time.

3.2.1.3 Aggregation

Elemental estimated times were summed to obtain an aggregate time.

For tasks with optimal or required subtasks, the subtasks may be weighted by

their probabilities of occurance. Most of the PM tasks did not contain

optional subtask procedures to be performed at certain points in the

completion of the main task. In our studies, no optional subtasks or steps

within a PM procedure were considered. However, the flowcharting referred to

in the task analysis phase above can be used to accommodate optional subtasks,

if the subtask branches are labeled with associated probabilities when the

chart is developed.

3.2.1.4 Validation . .

The summed whole-task estimates were compared with actual task

completion times. The actual times were either observed or from "book

standards". Linear product moment correlations are the best means for showing

the degree of fit of estimates to actual times (no statistically reliable

non-linear relationships have been found by Bell or Harris for this type of

data). The Bell studies typically found correlations in the r=0.7 to r=0.9

range; while the present studies yielded correlation coefficients greater than

0.9.
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After validation, it may be concluded that estimates and actuals covary

but this does not mean that the estimates can be used directly in predicting

PM Task completion times. In both the studies, experts tended to overestimate

individual subtask times by a factor of 1.5 to 2.0. The analysis and

validation results described in the data analysis section of this study show

how these biases can be taken into account, corrected, and used to develop

estimates which are very close to actual times.

3.3 Lessons Learned in Pilot Studies

Since subjective estimation was identified as the best candidate

methodology for the study, some means for evaluating its relevance to study

goals was desired. An ideal way to test the methodology was to apply it to a

sample of equipment and maintainers to evaluate how efficiently it could be

used to predict actual work times. If the results of these pilot applications

were promising, a more detailed study could be conducted whereby prediction

algorithms could be developed.

The subjective estimation methodology was pilot tested at three

locations: Harris PMEL, MacDill AFB, and Patrick AFB. Results of these pilot

studies provided strong support for using subjective estimation to predict

task times. The analysis revealed an extremely high correlation between

actual task times and estimates provided by expert maintainers. Given the

very supportive results obtained from the pilot tests, we developed a data

collection methodology.
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4.0 DATA COLLECTION METHODOLOGY

4.1 Introduction

This section describes the data collection methodology used in this

study. The methodology was developed to provide a systematic procedure for

identifying data sources, selecting representative subjects and equipments,

and collecting accurate and meaningful data. Working from the general

hypothesis that maintainers can predict actual preventive maintenance task

times, a methodology was established to precisely evaluate independent and

dependent variables related to preventive maintenance. Figure 4.1-1 presents

elements of the data collection methodology.

4.2 Equipment Database

The primary objective in forming an equipment database was to select a

representative sample of equipments used by the Air Force which have

established PM tasks and which represent avionics and ground based electronics.

Other criteria used to select equipment were accessibility and frequency of PM

tasks performed. In addition, it was desirable to choose equipment sites

where maintenance personnel were available. Five classes of equipment were

identified: test equipment, telemetry equipment, communications equipment,

computer equipment, and avionics equipment. A detailed breakdown of selected

equipments with associated source, class, and PM task descriptions is provided

in Table 4.2-1.

4-1
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IDENTIFY EQUIPMENT,
ASSOCIATED PM TASKS

PERFORM TASK DEFINE, SELECT
ANALYSIS SUBJECTS

CREATE DATA
SHEETS

m0

C'OLLECT

DATA FO - 2-'

MAN IPULATE DAT FO
DAAANALYSIS .

Figure 4.1-1 Data Collection Methodology
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S

SOURCE/
SYSTEM CLASS EQUIPMENT SPMA

HARRIS PMEL TEST VOLTMETER SIMPSON 260 CALIBRATE

EQUIPMENT OSCILLOSCOPE TEK 475A
POWER SUPPLY POWER DESIGN
SIGNAL GEN WAVETEK 142
COUNTER HP 5245L
SWR METER HP 415E

OFFUTT AFB, COMPUTER, CHASSIS/PANEL (COMM/TELE) MONITOR, PERFORM

GLOBAL WEATHER COMMUNICATIONS, CHASSIS/PANEL (COMM/TELE) ALIGN

TELEMETRY CONSOLE/RACK (COMM/TELE) INSPECT, CLEAN
COMPUTER DG NOVA 4 REPLACE PARTS
DISK DRIVE DG 6050 SERVICE
MAG TAPE UNIT AMPEX
MAG TAPE UNIT DG 6026
DATA FORMATTER
POWER SUPPLY
POWER SUPPLY (DUAL) S

POWER SUPPLY (QUAD)
FILM PRINTER CDM-3

PATRICK AFB, 0-2 ANTENNA SYSTEM INSPECT, CLEAN

CONSOLIDATED 0-2 COMM/NAV CHASSIS MONITOR, PERFORM

AIRCRAFT AVIONICS 0-2 CONTROL BOXES

MAINTENANCE OV-1O ANTENNA SYSTEM
SQUADRON OV-1O CONTROL BOXES

OV-1O RX/TX UNIT VHF(FM)

MACDILL AFB, TELEMETRY, ANTENNA HYDRAULICS MONITOR, PERFORM

MARK IV COMMUNICATIONS, TAPE TRANSPORT INSPECT, CLEAN

MOBILE COMPUTER SOFT COPY UNIT ALIGN

WEATHER DIESEL GENERATOR SET SERVICE

TERMINAL ENVIRONMENTAL CONTROL UNIT

Table 4.2-1 Selected Equipment Breakdown
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4.3 Task Analysis

For each equipment selected, associated PM tasks were extracted and

broken down into discrete task elements. We derived these PM task elements by

reviewing equipment manuals and work cards, and by observing maintainers.

Early in the study, task analyses were performed to outline major subtasks

(e.g. remove cover, calibrate voltage, close cover). It was later determined

that a more detailed level of subtask analysis would lead to precise

subjective estimates which more closely approximate actual task completion

times. To obtain these precise breakdowns, subtasks were reduced to a series

of specific action and associated design feature steps (A/DF steps) as

illustrated in Table 4.3-1.

4.4 Subjective Estimate Data Sheets

Subjective estimate data sheets were developed from the task analyses.

Each data sheet included the equipment name, equipment type, periodicity of PM

being performed, and subtask descriptions. Next to each subtask description,

spaces were provided for experts to subjectively estimate the times associated

with subtasks. The worksheet format required the experts to provide three

estimates: the minimum or best case time, the maximum or worst case time, and

the most likely or typical time it would take to complete the PM subtask.

Data sheets were constructed for purposes of collecting both major

subtasks and detailed design feature task times. A sample data sheet is

presented in Figure 4.4-1.
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SUBTASKS ACTION/DESIGN FEATURE STEPS

Remove Cover - Remove 4 2" screws with flat washers

- Remove 4 knobs, pulling off from front panel

- Remove front panel cover

Calibrate Voltage - Connect two test probes to test points on

edge of circuit card

- Measure voltage

- Adjust variable resistor in center of circuit

card to + 12 VDC

- Remove two test probes from test points on

edge of circuit card

Close Cover - Place front panel cover on chassis

- Place 4 knobs on front panel (press-fit)

- Place 4 2" screws with flat washers into

screen holes

- Tighten 4 2" screens with flat washers until

all are secure.

i

Table 4.3-1 Subtask Breakdown
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ESTIMATOR FORM -- PMI STUDY

Design Features Study 0

EQUIPMENT ITEM OV-10 Aircraft COM Avionics (Cont.)

TECH ORDER REFERENCE Word Card No 1-034

PM TASK NAME Inspect, Clean, Tighten, etc.

TASK PERIOD Phase

Estimated Time (Seconds)
ACTION DESIGN FEATURE Min Max Best Guess

INSPECT COM/NAV elect. system chassis in
rear of airplane to ensure that
jumbers, grounds, and terminal 0
strip connections are not corroded, 411 09
damaged or loose. 30

INSPECT Black box to ensure there is no
damage or corrosion, that it is
clean and secure, and that the
shock isolator mounts are not . 0
deteriorated. V/_

REPLACE Black box in rack at rear of air-
plane (slide in). _5 _ A9"

TIGHTEN One ARINC fastener to secure black -2 /
box to equipment rack. - "

TIGHTEN Two ARINC fasteners to secure black
box to equipment rack. _

Figure 4.4-1 Sample Data Collection Work Sheet
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4.5 Subject Population

Subjects were experienced maintainers selected from various equipment

sites. Subjects were placed in one of two groups depending on their

maintenance experience. Specifically, maintainers who directly performed PM

on selected equipment on a routine basis were labeled "familiar" maintainers.

Maintainers with general preventive maintenance experience, but who did not

maintain the selected equipment, were identified as "generic" maintainers. In

some cases, a "familiar" maintainer on one set of equipments may have been a

"generic" maintainer on other equipments.

4.6 Data Collection

4.6.1 Subjective Estimates

Subjective estimates were collected from maintainers at various

equipment sites. Subjects were asked to read each subtask description

carefully and to estimate the minimum, maximum, and most likely task

completion time per subtask. Subjects were advised to follow the time

convention established on the form. Depending on the level of sub-task

breakdown, the easiest time convention to use, either minutes or seconds, was

adopted. Equipment manuals and pictures were available for reference.

Subjects were told to estimate each subtask independently of all others.
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.6.2 Task Time Measurement

To develop a predictive algorithm, the actual time to complete a PM

,ask had to be measured. Actual PM performance times were obtained by

inobtrusively observing maintainers and recording their times to complete

:asks. Measurements were made using a stopwatch.
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). 0 DATA ANALYSIS

5.1 Statistical Analysis of Data

In order to develop a prediction model, the raw observed and

estimated PM task completion time data were transformed into manageable form

via descriptive statistics. Using the transformed data, linear product moment

correlations were computed to assess the relationship between actual measured

task times and several independent measures. Since correlational analysis

revealed a strong, positive relationship between observed and estimated task

completion times, linear regression analysis was performed to derive a single

prediction algorithm.

5.2 Early Activities

Two sources of data were evaluated to determine their potential

utility for developing a prediction algorithm. First, standard times taken

from military (Air Force) standard work cards corresponding to several pieces

of equipment were compared to actual measured task times associated with

maintaining equipment. Results of this analysis revealed that no

statistically significant relationship existed between observed and standard

times allocated for preventive maintenance, r(4) = .35, p>.05. Second, the

number of sub-tasks comprising the overall task of maintaining equipment was

identified. Again, no statistically reliable relationship between the number

of discrete steps and the time to complete the task was found, r (4) .64,

p>.05.
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2.1 Pre-testing the Subjective Estimation Methodology.

Since no relationship was found between actual task time and time

:andards or number of task steps, subjective estimation techniques were used

determine how well maintainers could estimate maintenance task completion

imes. Consistent with the data collection methodology, time estimates were

llected from both familiar and generic maintainers. For the purpose of

)taining a consolidated estimate, these task times were summed and the

_sulting totals were compared to actual times required to perform the

reventive maintenance tasks. When compared to actual task completion times,

amiliar maintainers' estimates correlated very highly, r (9) = .95, p<.Ol.

eneric maintainer's estimates also correlated very highly, r (9) = .89,

<.01. In addition, estimates provided by the familiar maintainers

orrelated significantly with those provided by the generic maintainers,

(9) = .95, p<.Ol. Although this relationship is strong, it was found that

stimated times provided by generic maintainers were consistently longer in

uration than those provided by familiar maintainers. A test of interrater

eliability was also performed, and revealed that raters were very consistent

n their ratings. That is, when retested, raters second subtask estimates

ere, on the average, within 90% of their original estimates.

.2.2 Data Treatment

Given the significant results which supported the subjective

stimation methodology, data were collected and analyzed which related

pecific equipment design features to associated preventive maintenance tasks.
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,4.1 Validation Phase

In this phase, the system or equipment development contract

ically requires an engineering development model (EDM) and an advanced

? lopment model (ADM). The equipment manufacturers' responsibility is to

Jnstrate that the conceptual functions can be reduced to practice.

ever, design information is not yet detailed.

.4.2 Full Scale Development Phase

In this phase, the contract usually involves converting the

ceptual model into an actual equipment or system. Design details become

ilable and support resources are defined in this phase. Also,

It-in-test (BIT) is incorporated into the design.

.5 General Use of Products

The two products use the available level of design detail to

imate the time and personnel resources needed for preventive maintenance.

principles underlying each predictive method are the same. The

ntainability engineer must know which tasks are needed, analyze each task

a depth consistent with level of design, assign weighted factors to

ments of the analysis, fit the aggregated factors into the appropriate

lel and document the results for each task. Figure 6.1.5-1 illustrates the

)cess.
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The following items have been identified as administrative functions. The

maintainer must:

(1) determine what support items or supplies are needed.

(2) gather needed items.

(3) allow any test equipment or the unit-under-test to warm up.

(4) after task completion, put away all support items.

(5) dispose of waste materials.

(6) make required entries on maintenance records.

(7) complete required work orders for corrective maintenance.

Active time includes the time needed to actually perform the preventive

maintenance. The following items have been identified as active time

functions. The maintainer must:

(1) gain access to the equipment.

(2) perform the required PM task elements.

(3) close the unit.

(4) check unit operability.

6.1.4 Acquisition Phase Products

Two products were developed, one for each of two phases of the

government acquisition process. The acquisition phases are the Validation

Phase and the Full Scale Development Phase.
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START

CLOSE

ADMINISTRATIVE ACTIVE

TIME TIME "DO" DETAILS

Figure 6.1 .3-1 Typical Preventive Maintenance Task Flow
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SPMIA CATEGORY

INSPECT SCHED.
MONITOR ALIGN AND PART SERVICE

GENERIC TASK CALIBRATE PERFORM CLEAN REPLACE

FADJUS r TASK
CLEAN TASK

INSPECT TASK

LUBRICATE

MEASURE TASK

REPLACE TASK

TEST TASK

Table 6.1.2-3 Relationship Between SPMA anti Generic
Preventive Maintenance Tasks
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TASK

TYPE DEFINITION

ADJUST Bring to specified position or to more satisfactory state.

CLEAN Wash, scrub, remove residue, rinse, dry etc.

INSPECT Do critical observation, look, listen or feel for specific

conditions, evaluate wear, etc.

LUBRICATE Apply lubricant on or in specified places.

MEASURE Determine dimensions, capacity, amount, levels or shapes.
S

REPLACE Restore to former place or position or substitute servicable

item for like item that is damaged, worn out, or malfunctions.

TEST Verify operational readiness by doing specified operations.

Table 6.1.2-2 Definitions of Generic Maintenance Task Types
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SPMA DEFINITION

CALIBRATE Transfer measurement standards to precision measuring

equipment, Built-In-Test circuits, Built-In-Test -

equipment, and to some metered tools. Usually a function

of a PME Lab but may be a task for complex systems 0

maintainers.

MONITOR Inspect, Test, or Measure to determine item compliance

PERFORMANCE with expected standard characteristics. Usually done to

detect incipient failure.

ALIGN Adjust paramaters to more desirable values, although

measured values are not outside specified acceptable range.

INSPECTION Removal of dirt, corrosion, residue, etc., which might

& CLEANING cause deterioration of operation..

SCHEDULED PART Replacement of a serviceable item with a new item, based

REPLACEMENT only on the completion of a specified number of hours,

days, miles, rounds, etc.

SERVICE Replace, or restore to desired level, consumables such as

coolant, charts, hydraulic fluid, rolls of paper,

application of lubricants, etc.

Table 6.1.2-1 Definitions of SPMA Categories
6
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actions. Preventive maintenance tasks are inclusive and are named for the

primary activity accomplished by the task. Table 6.1.2-1 contains the

definitions of the six SPMA catagories identified in the study. Table 6.1.2-2

contains the definitions of the seven task types. The relationship between

the seven tasks and the six SPMA is shown in Table 6.1.2-3.

6.1.3 Preventive Maintenance Task Flow

We identified the common elements of a preventive maintenance task

and defined a typical task model. Common elements of scheduled and preventive

maintenance tasks account for both administrative time and active time,

however, of two products developed in this study, the VAL phase model predicts

both elements whereas the FSD predicts only active task completion time.

Thus, the maintainability engineer may capture both the personnel time

resources and equipment downtime resources inherent in each PM task. Each PM

task starts when the supervisor assigns a task to a maintainer. The task ends

when the maintainer has finished the task, has put away all items used,

cleaned up the area, and completed all required records. Figure 6.1.3-1 77
illustrates the flow of a typical preventive maintenance task. The figure

depicts the general steps in the administrative and active parts of a task.

Administrative time is a function of the particular characteristics

of the maintenance facility, such as layout and policies. Generally,

administrative task completion time remains relatively constant while active

task completion time varies over a wide range. The ratio of active to

administrative time would typically increase as task complexity increases.
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6.0 PRODUCT DEVELOPMENT

6.1 Overview and Terminology

6.1.1 Overview

The products developed in this study apply to two phases of the

military acquisition process, Validation (VAL) and Full Scale Development

(FSD). Each product was developed with the expectation that it would be used

by engineers experienced in maintainability and logistic support. The value

of these products will become apparent in planning, allocating resources, and

in comparing alternative design approaches. In the VAL phase, the

maintainability engineer must work with limited design information, conceptual

design guidelines and goals, and a conceptual support system definition. In

the FSD phase, the maintainability engineer is provided more detailed design

information and firmer system definition. In considering the prediction of

scheduled and preventive manhours, there is a difference between the VAL model

and the FSD model. The VAL Phase considers both the active or actual task

completion time and the administrative task completion time. The FSD Model,

since it provides explicit design information considers only the active task

completion time.

6.1.2 Ter-iinology

In the development of these products, we have differentiated between

Scheduled Preventive Maintenance Actions (SPIA) and preventive maintenance

tasks. SPMA refers to categories or classes of preventive maintenance

6-1 .
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STANDARD TIMES,
P >.05

NUMBER OF TASK STEPS
P >.05

II "

I

I GENERIC ESTIMATORS
I P <. "1

I FAMILIAR ESTIMATORSP < .ol-- . ..T

A/DF ESTIMATED TIMES

(GENERIC ESTIMATES) -

I I P <.001

O .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

ACTUAL TASK TIMES

Figure 5.3.1-1 Correlation of Actual Task Completion Times
vs. Various Independent Measures
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5.3 Discussion of Results

5.3.1 Early Findings

A geometric representation of the overall results is presented in

Figure 5.3.1-1. To summarize, a strong relationship was found between

familiar maintainer estimates and actual times as well as between generic

maintainer estimates and actual times (in addition, a strong correlation was

found between familiar maintainer estimates and generic maintainer

estimates). When compared to actual task times, both military standard task

tir.es and number of discrete task steps revealed no relationships. These

results strongly supported our use of generic maintainers as a source for

building a data base of task times.

5.3.2 Generic Estimates of Design Features

Figure 5.3.1-1 also indicates a strong relationship between summed

generic maintainer estimates based on action/design feature subtasks and

actual PM task times. Consistent with early findings, it is evident that more

detailed PM task breakdowns improve the relationship between generic

maintainer estimated times and actual times.

From this base of times provided by generic maintainers, and our

very supportive results, products were derived which can be used in two phases

of acquisition, validation and full scale development.
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ORIGINAL ANALYSIS (N=29)

R 0.96 R2  0.92

LOG Y (1.03) (LOG A/DF)-O.l2

S 0.222

S 0.785

STANDARD ERROR RATIO =3.53: 1

VALIDATION ANALYSIS (N=22)

R 0.96 R2  0.92

LOGY (1.02) (LOGA/D)-O.ll

S= 0.854

STANDARD ERROR RATIO 3.57: 1

Table 5.2.2-1 Validation of Data Analysis
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correlational analysis, r (27) = .96, p(<.O01. In addition, 95% confidence

intervals, represented in the figure as dashed lines, were computed. All but

one of the data points fall within the 95% confidence limits. Further

analysis revealed that 68%, or one standard deviation, of the estimates are

within .222 log of actual times. Linear regression analysis of the data

resulted in the following equation, where T equals task completion time:

LOGIo Tactual = 1.03(LOG10 Testimated) - 0.12

Supported by the strong relationship between A/DF estimated times

and actual times, and the derived regression formula, a model was developed

for applying the subjective estimation technique for predicting PM task

completion times. But first, to test the robustness of the regression, a

sub-sample validation was performed. To accomplish this, data representing 7

of the 29 equipments were removed randomly from the data set. The correlation -

and regression analysis were then performed a second time using only the 22

remaining equipments. It was assumed that if the regression was truly robust,

removing items from the data set would not significantly alter the regression

values. Results of this validation analysis strongly supported this

hypothesis and yielded virtually identical values, shown in Table 5.2.2-1.

Inspection of these values, when compared to the values obtained

from all 29 equipments, suggest little or no change in the slope, intercept,

or correlation coefficient. Supported by this post-hoc analysis, the data

obtained subjectively from generic maintainers were considered to be valid,

ind were therefore used to create a data base for use in the development of

our- predictive models and final products.

5-5

S :

-7 o . . - . .. .



0/

o o/

I)/ 0

>
179*

w /

-V4

ESTIATE TIE (SCNS/O
/ 10

6 ,/ 2
R 0.6 /R 09

SLP = /.0
Y / NECP -01

/ X 0.2,S/0 8

Fiur / ..- AculTs/ie s Sbetv siae

05-4



In accordance with the data collection methodology, a group of generic

maintainers provided estimates of times associated with individual design

features derived from 29 equipments. Prior to summing elemental task times

associated with each equipment for comparison with actual task times, the

harmonic mean of estimates provided by maintainers was calculated. The

formula for the harmonic mean applied to estimates was:

Mh= N
1 + 1 +... 1

X1 X2 XN

The harmonic mean was used to correct for a positively skewed distribution of

estimates and to keep extreme or outlying estimates from artificially altering

the true estimate. Once the estimates were harmonically averaged, a table of

design features and associated times was created. Using the table as a guide,

the PM tasks for each equipment were reconstructed by sequentially listing

the proper action/design features and the corresponding times. These action

design feature times were then summed for each equipment to achieve a total

estimated time.

Prior to analyzing the relationship between these aggregate design

feature estimates and actual times, the data were converted using common

logarithms. This not only permitted a convenient way to graphically present

. the data, but also reduced the bias resulting from the broad range of time

values (e.g. from 10 to 10,000 seconds) on both axes. The data resulting from

*the combination of harmonically averaging the estimates and converting sums to

common logarithm form are presented in Figure 5.2.2-1. Inspection of this

figure reveals a strong linear relationship which was supported by

5-3
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Figure 6.1.5-1 Common Process Flow for the Products

After deriving an estimate of task completion manhours for a system

or equipment from either product, the annual PM manhour expenditure can be

calculated by applying the results to a rudimentary model. The algorithm that

determines total PM workload for , given time period is expressed as:

A TOTAL = XETact + adm (F)(N)]

where A TOTAL is the total number of manhours for the period, " is the

summation of all PM tasks for a system or equipment, F is the frequency of the

task, T act + adm is the task completion time with separate active and

administrative time components, and N is the number of personnel needed for

task completion. Annual PM downtime may also be determined by a similar

algorithn:

A TOTAL = Z [Tact (F)]

where A TOTAL is the total number of downtime hours for the period. Unlike

the first model for determining total PM workload, determining PM downtime

does not include the administrative time component or the number of personnel.

6-9
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Since the design is immature in the validation phase, there is

generally more conservative margin in that method, i.e., PM time estimates are

usually high. To assign a PM task time, the validation phase PM prediction

method incorporates a three point time line for each SPMA/Task, a table of

general design features for the SPMA, a set of three decision guidelines for

each of the design features, and a seven point scale.

In the full scale development phase, with increased design detail

and more visibility, a more detailed prediction method is provided. To assign

a PM task time, the FSD phase PM prediction method incorporates a detailed

task analysis, a detailed table of elemental task times related to

action/design features, and a regression model.

This study does not include a method for determining which tasks

must be done. It does, however, offer methods for estimating PM task

completion times appropriate in two acquisition phases.

6.2 Validation Phase Product S

6.2.1 Overview

0

In the validation phase, the maintainability engineer needs a

method to convert conceptual design features into PM task times. This method

requires the engineer to use lists of generalized design features with one

list for each SPMA, decision guidelines for weighting effects of each design

feature, a range of times (Min, Max, Most likely) for each SPMA/Task pair, and

judgement to fit the accumulated weight factors to the time-line. Figure

6-10
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j SPMA CLASS, TASK, FREQUENCY

IDENTIFICATION

CONCEPTUAL DESIGN 1 0

ANALYSIS

WEIGHTED FACTOR 0

ASSIGNMENT,
SPMA/TASK TABLES

FACTOR

AGGREGATION

FIT AGGREGATED WEIGHTED FACTOR

ONTO MODEL TIMELINE

DOCUMENTAT ION

OF RESULTS

Figure 6.2.1-1 A Process Flow for the VAL Phase PM Prediction
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6.2.1-1 illustrates the process flow used by the maintainability engineer

during the validation phase.

The maintainability engineer uses other tools, such as Failure Modes

Effects Analysis and Reliability Centered Maintenance, to determine which PM

tasks are required. After assigning each needed task to a reasonable

SPMA/Task pair, he or she does a task analysis to the extent allowed by the

design. He or she then uses the selected SPMA Design Feature table and

associated guidelines for deciding the proper weighting factor for each design

feature. The maintainability engineer then determines the average factor

weight and applies the SPMA/Task time line and factor weight to a frequency

distribution to determine a reasonable task time.

6.2.2 Process Components

6.2.2.1 SPMA Design Features.

For each of the six SPMA categories, we have identified those .

general design features which affect the time needed to accomplish a PM task.

For each design feature identified, we have established guidelines for the

minimum, typical, and maximum effect on task time. The design features are

sub-divided into three categories which include physical design features,

functional design features, and maintainer/task design features. The Design

Factor Tables with the Minimum/Typical/Maximum decision guidelines are

presented in Appendix A.
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TIME (MINUTES)

SPMA / TASK PAIR 0 50 100 150 200 250 300 350 400 450

Calibrate / Adjust -

Calibrate / Measure

Calibrate / Test H

Monitor Performance/Measure [ - ]

Monitor Performance/Test

Align / Adjust

Align / Measure S

Align / Test

Inspect & Clean / Clean.[

Inspect & Clean / Inspect []

Sched. Part Replace/Lubricate [

Sched. Part Replace/Replace

Service / Inspect L

Service / Lubricate

Service / Replace

KEY:

MINIMUM TYPICAL MAXIMUM

Figure 6.2.2.2-1 Range of SPMA/Task Pair Time Lines

6-13

....................................................... , i 1.....i



The maintainability engineer must use a degree of judgement to

assign factor weights using a seven point scale. The seven point scale was

chosen for ease of use, but other rating scales may be substituted. The

minimum factor weight is ONE. The typical factor weight is FOUR, and the

maximum factor weight is SEVEN. When, however, a design feature does not

apply, or when the minimum and typical weight guidelines are the same, he -

allocates the minimum weight (ONE).

6.2.2.2 SPMA/Task Pair Time Lines

From the matrix of SPMA and generic preventive maintenance tasks

presented in Table 6.1.2-3, a list of SPMA/Generic Task pairs was derived.

Time-lines for each SPMA/task pair were developed. These SPMA/Task pairs were

developed from the data collected and each time line represents the minimum,

most likely, and maximum times associated with each task. The typical task

completion time is defined as the modal value for each time line value.

Figure 6.2.2.2-1 illustrates the range and variation in task completion times

among the SPMA/Task pairs. The maintainability engineer uses a distribution

curve based upon the SPMA/Task time lines and weighted design feature factors

to predict the PM task completion time.

6.2.2.3 Distribution Curve

Figure 6.2.2.3-1 illustrates the distribution curve used in

determining individual PM tisk completion times for the validation phase. The . .

log normal frequency distribution curve is used according to characteristics

of preventive maintenance activities set forth in MIL-STD-472. In this study,

6-14
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typical or modal value

Task Time
Frequency

1 2 3 4 5 6 7

Factor Weight

Figure 6.2.2.3-1 Distribution Curve with Assigned Weight Factors
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scheduled and preventive maintenance activities typically have standard

deviations greater than the arithmetic mean. This implies complex activities

containing many possible subactivities. In such cases, according to -.

MIL-STD-472, the tendency is for the applicable distribution to be skewed to

the right, and is, therefore, assumed to have log normally distributed

completion times. This log normal distribution is representative of the -

expected population of all maintenance task times. Use of this distribution

in combination with an average weighted esign feature factor, permits the

maintainability engineer to reasonably estimate individual task times with a

reasonable margin for error. The seven point weight factors are overlayed

onto the distribution curve with the typical weight (four) assigned to the

distribution peak or mode and the end weights (one, seven) at approximately

the 5% and 95% points. The intermediate weights were located in a manner

consistent with the cumulative distribution values.

6.2.3 Example of Validation Phase Product

6.2.3.1 Example System Description -

The following paragraph describes a control console subsystem. The

maintenance procedures associated with cleaning this subsystem are presented

to illustrate how this product is used. The control console of this

information processing system contains three equipment bays. Each is a

typical electronic rack enclosure with chassis and controls mounted on the

front of each rack. For maintainer access, a hinged door is mounted on the

back of each rack. The system is used in a typical computer operating area,

6-16
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with ample room at the back of the console to provide freedom of movement for

the maintainer. The maintainer uses a portable vacuum cleaner for cleaning

tasks.
0

6.2.3.2 PM Task Description

The PM Instruction Card for the task reads:

Inspect and clean the inside of each rack.

Remove all loose dirt, debris, etc., with vacuum.

This task is to be performed separately for each of three racks in

the console, disregarding any attention to the other two racks and to any

chassis in it. It does not require cleaning of the exterior surface of the

console. The task may be done by the operator or an entry level technician.

6.2.3.3 Task Analysis Using Design Feature Table.

The following steps comprised the task analysis:

1) Determine which SPMA category and which Task type.

In this example, the maintainability engineer assigned:

- Inspect and Clean SPMA category

- Clean Task

2) Assign weights to design feature for selected SPMA.

Figures 6.2.3.3-1, 6.2.3.3-2, and 6.2.3.3-3 show the Inspect and Clean SPMA

design features and weights chosen by the engineer. The maintainability

6-17
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PHYSICAL DESIGN FEATURE DECISION GUIDANCE

DESCRIPTION MINIMUM TYPICAL MAXIMUM

Item Type Simple Elec- Electromech- Complex Electro-
tronic or anical or mechanical Assy
Mechanical- electronic
Assembly Asse •

FACTOR 1 2 3 ( ) 5 6 7

Item Size Hand-held One Chassis Multi-rack/chassis
FACTOR 1 2 3 4 6 7

Item Function Single Small Number Multifunctional
of Related w/ Distributed
Funct s Processors

FACTOR 1 2 3 5 6 7

Item Materials Durable, No Somewhat Fragile, Extreme
Precautions Durable, Some Care Required
Required Care Required

FACTOR 1 2 4 5 6 7

Accessability Surface Remove Single Complex Disassembly
P1 ate

FACTOR 1 2 3 5 6 7

Visibility Unobstructed, Very Little Mostly Obstructed,
Obstruction,

Clear Limited Poor
FACTOR 1 2 0 4 5 6 7

Modularity Fully Some Limited / None

FACTOR C 2 3 4 5 6 7

Figure 6.2.3.3-1 Inspect and Clean SPMA -- Physical Design Features
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0

FUNCTIONAL DESIGN FEATURE DECISION GUIDANCE

0

DESCRIPTION MINIMUM TYPICAL MAXIMUM

Part Type Simple General Complex
Mechanical Electro - Electronic 0

mechanical /Mechanical

FACTOR 1 cI 3 4 5 6 7

Part Size Hand-held One-man Lift Multi-person, or
Easily Handled Easily Handled Mechanical Lift, or

Extremely Small ard
Hard to Handle

FACTOR 2 3 4 5 6 7

No of Assoc Parts None Ten to Twenty More than 25

FACTOR C 2 3 4 5 6 7

Obstructions None Few, Easy to Many or Large 0
Reach Difficult Reach
Requires No Requires extensive
Disassembly Disassembly .

FACTOR 1 2 3 5 6 7 *..

Safety Consideration None Requires Some Requires Extensive
Precautions Precautions

Hazardous

FACTOR 1 7 3 4 5 6 7

Figure 6.2.3.3-2 Inspect and Clean SPMA -- Functional Design Features S
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MAINTAINER/TASK DESIGN FEATURE DECISION GUIDANCE

DESCRIPTION MINIMUM TYPICAL MAXIMUM

Number of One One Two or More

Mai ntai ners
FACTOR 2 3 4 5 6 7

Maintainer Entry-level Specially Field Engineer

Skill Level Technician Trained Tech
FACTOR 2 3 4 5 6 7

Preparation / Set-up None, or Some Equipment Multiple Complex

Very ttle Set-up Equipment Set-up

FACTOR C ) 2 3 4 5 6 7

Cleaning Materials None Single Tool, Multiple Tools,

and /or Tools Single Agent Multiple Agents

FACTOR 1 2 3 5 6 7

Disposition of Waste Throw-away Some Care or Requires Special

Trash Precautions Container or
Required Handling

FACTOR 2 3 4 5 6 7

Number of Task Steps Less Than Five Five to Ten More Than 25

FACTOR © 2 3 4 5 6 7

Instructions and One Explicit One Manual -- Multi-volume

Documentation Clear Page or Fairly Clear Manual, Ambiguous

Card O

FACTOR 2 3 4 5 6 7

Physical Environment Lab Workbench Operating Area Cramped. Abnormal
Well Lighted Working Conditions
Controlled or Positions
Climat

FACTOR 1 23 5 6 7

igure 6.2.3.3-3 Inspect and Clean SPMA -- Maintainer/Task Design Features
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ngineer marked the appropriate weight factors, based on the seven point

,cale, on the design feature decision guide. In this example, the total of

.he twenty design feature weights is 48. The average weight factor is 2.4.

).2.3.4 Fitting Weight Factor Averages to the Distribution

The maintainability engineer finds the range of Clean Task

:ompletion times for the Inspect and Clean SPMA in Appendix A. Those times

ire:

Minimum 2.0 minutes

Typical 31.0 minutes

Maximum 255.2 minutes

These times, with the averaged weight factor determined above are

superimposed on the distribution as illustrated in Figure 6.2.3.4-1. The

maintainability engineer can determine the task completion time from the graph

and by using the following method.

6.2.3.4.1 Deriving Estimates Using the Validation Phase Product

The initial step in deriving a VAL phase prediction requires the

user to subjectively rank design features related to the system or equipment,

as was indicated in section 6.2.2.3. Once an average factor weight is

determined, the maintainability engineer applies the following steps to derive

a prediction.
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louper-half upper-half

Itypical or modal value

,k Time
quency

IF IF

Factor Weight
A A A

2.0 A 31 255.2
15 Clean Task Timeline

(Minutes)

2.4, as estimated factor weight, equals about 15 minutes

on the overlaid timeline.

Figure 6.2.3.4-1 Fitting Design Feature Weights Onto Curve
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lied to other areas of study. The products developed in this study have

imited potential. With refined, validated products in which data can be

ained from experts, applications of the methodology can be made to a number

areas. However, without a validation study to support the use of the

hodology and products, its use will most likely remain limited. We are

vinced that the methodology will withstand validation, and thus encourage

.2 Revision of PM Procedures for MIL-HDBK-472

MIL-HDBK-472 is currently being revised, incorporating the newest

cedures and techniques in maintenance prediction. The products developed

this study provide a basis for refining present MIL-HDBK-472 procedures

ated to PM.

Consistent with the guidelines being used to develop the new

,-HDBK-472, Harris Government Systems has designed two procedures which can

used to predict PM parameters. The procedures developed in this study are .

isistent with procedures currently in the handbook, where predictions of the

lowing can be made:

PM Task Times Mpmj

Mean PM Times Mpm

Mean PM Downtimes MDT pm

Maximum PM Times Mmaxpm

S
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expert maintainers were found to provide data quickly and inexpensively.

The methods presented in this report, while useful in their present

form, should still be refined and validated across a wider range of Air Force

PM tasks. With minor refinement, the products developed in this study could

become commonly used tools in future preventive maintenance planning and

devel opment.

7.3 Research Directions and Applications

7.3.1 Model, Product Validation

A rigorous validation of the subjective estimation methodology would

add significantly to the acceptability and applicability of the products.

Although the methods used to collect the data in the present study were

developed using sound methodology and data were accurately collected, a

validation study would give greater credibility to the results. The

validation activity would include collection of additional task time and

estimated task time data on more equipments similar to those used in this

effort. It would also include collection of data on other equipments.

Importantly, it should include the tracking of an application of these methods

through a design effort.

To reiterate, the validation effort would serve two purposes. First,

it would provide insights into strengths and weaknesses of the products as

they presently exist and, therefore, results could be used to refine the

methodology. Second, once proven valid, the products can be modified and

7-3
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seful when it is desirable to design a system with the lowest

assible life-cycle maintenance costs. If those design features with high

ssociated PM times can be traded off with design features having lower PM

ime requirements, system downtime resulting from PM can be significantly

educed.

.2 Study Findings

As this study progressed, three of our findings influenced the methods

sed to provide the final products. First, we determined that no accurate PM

ata base currently exists from which one can extract useful PM task

ompletion times. Although maintenance records are kept at all the sites we

tudied, the information contained within these records is not sufficiently

letailed to permit the extraction of useful time data. In refining our

irediction techniques and to improve the quality of the data base, it may be

)eneficial to update maintenance record keeping procedures. By developing a

iore detailed data recording procedure, and by consistently applying it across

:ommands, data would be more useful for future maintenance manpower

)lanning. Second, we found that little or no relationship existed between

:urrent Air Force standard PM task completion times and expert maintainers

ime estimates. At some sites, more time was made available for certain tasks

han was actually required, while at other sites less time was made

ivailable. Administrative time was almost universally folded into task

:ompletion times. Greater efficiency may be achieved if more precise

iaintenance time allotments are provided. Finally, our results supported the

ise of expert maintainers as a valid source of preventive maintenance times.

iubjective estimation techniques which capitalized on the knowledge base of
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7.0. CONCLUSIONS AND RECOMMENDATIONS

7.1. Completion of Study Requirements

The primary objective of this study, to develop a technique for

predicting system and equipment preventive/scheduled maintenance downtime and

workload as a function of equipment design features, was achieved. Two

products were developed in fulfilling this objective. First was a product for

making predictions in the validation phase of system or equipment

acquisition. This product provides the maintainability engineer a method for

determining the approximate PM task completion time required for a system

given the limited design information available in the validation phase. Once

the maintainability engineer has identified some generalized design features

associated with a system or equipment and can make some decisions regarding

the weights to be assigned to the design features, he can generate an estimate

of PM time necessary for that system. The second product is an analytical

procedure which enables the maintainability engineer, armed with a list of

task element times differentiated by design features, to easily extract

expected PM task completion times from detailed design features. This product

has its greatest utility when more detailed design information becomes

available and, thus, it is applicable during the Full Scale Development phase
0

of system acquisition.

Consistent with study requirements, the products developed are useful

during both early and later phases of an acquisition. In addition to their

utility in predicting PM task times, they can be used by the maintainability.- . .

engineer or system designer in making design tradeoffs. This is particularly
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The maintainability engineer, in order to determine active scheduled

and preventive maintenance task completion time for an equipment or system

would need only to sum up all expected task times for that equipment or

system. However, the summed active task time for the FSD model would not

account for any administrative time spent.

6.4 Variations in Results

Some discrepancy exists between the predicted task completion times

for the two products. In the example, the VAL phase task completion time was

estimated at about 15 minutes while the FSD phase time was estimated at about

2 minutes. There are two reasons why a discrepancy is expected between the

two methods. First, the VAL phase method includes PM administrative task

elements, such as getting test equipment and waiting for equipment warm-up,

whereas the FSD method does not include administrative elements. Although a

method for predicting administrative task completion time was not derived for

the FSD model, the variation in this case may be due to the fact that some

minimum administrative time is required even for active tasks very short in --

duration. Second, the VAL phase method, because of the lack of detailed

design information, inherently has more variance because some subjective

decisions are made by the maintainability engineer. In the FSD phase method,

many more details are known about the design and, therefore, the engineer is

able to choose design features and associated task completion times with more

precision.

-D
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ACTION DESIGN FEATURE LINE # TIME

Open Cabinet Door, Handle 12.01 4.2 sec

Turns 1/4 Rotation -

Inspect Look Inside for Dirt, 8.18 72.0 sec

Debris, Loose Connections

Clean Inside Cabinet Using 3.46 56.2 sec

Vacuum Cleaner with

Flex Hose and Plastic

Tapered Nozzle S

Close Cabinet Door, Handle 4.04 4.2 sec

Turns 1/4 Rotation ,

SUM = 136.6 sec

- - S

APPLY MODEL Tpm = antilog [(I.03)log(136.6) - 0.12)

Tpm= antilog[(1.03)(2.135) - 0.12] = 119.96 sec

MEASURED TIME 120 sec

Figure 6.3.3.3-1 FSD Prediction Process
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1) determine which actions or task elements must be done to

complete the PM task

2) determine the design feature details for that PM task (number

and type of fasteners, type and location of adjustments, test

instruments and tools needed, etc.),

3) assign task element estimated completion time from the table

in Appendix B,

4) sum the estimated times for all task elements.

Figure 6.3.3.3-1 illustrates this process for our example.

6.3.3.4 Determining Expected Actual PM Task Completion Times

From this example, the sum of task element time factors (Testimated)

is 136.6 seconds. Testimated is inserted into the prediction algorithm to

determine the expected actual PM task completion time:

Texpected actual = antilog [(l.03)log(" Testimated) - 0.12]

Texpected actual = antilog [(1.03)log(136.6) - 0.12]

Texpected actual antilog [(1.03)(2.135) - 0.12]

Texpected actual = 119.96 seconds

Therefore, the expected actual time to complete the example task is

approximately two minutes.

6-30
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controls are mounted in the front of each typical rack enclosure. Access to

the back is through a hinged door. Each door is fastened by a quarter-turn

"L" shaped handle. The maintainer has use of a portable vacuum cleaner.

6.3.3.2 PM task Description

The PM Instruction Card reads:

Inspect and clean the inside of each rack.

Remove all loose dirt, debris, etc., with vacuum.

This task is to be performed separately for each of three racks in

the console, disregarding any attention to the other two racks and to any of

the chassis in it. It does not require cleaning of the exterior surface of

the console. The task may be done by the operator or an entry level -

technician.

6.3.3.3 Task Analysis Using Task Element Table.

This task analysis is similar to the analysis used for corrective

maintenance, as in MIL-HDBK-472 prediction methods. In this analysis, the

maintainability engineer identifies design feature details and assigns the

task elements defined by the type of PM performed. The analysis is comprised

of the following steps:
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6.3.2 Process Components

6.3.2.1 Task Element Tables

The Task Element Tables, in Appendix B, provide an ordered summary

of task element time factors. The table is ordered by key action word for the

task element. Should the maintainability engineer determine that task

elements are needed which are not listed in the table, he may use judgement or

collect data using the subjective estimation method to establish a time

factor. The time factors are not time standards, but if time standards should

become available, they may be used with the table.

6.3.2.2 The Model

The algorithm provides a reasonably accurate and definitely useful

prediction of PM task times when detailed design features are known. The sum -

of the task element time factors(Testimated) is the only variable to be

determined through task analysis. The prediction algorithm is:

Tactual : antilog [1.03 (-Testimated)-O.12]

6.3.3 Example of Full Scale Development Phase Product

6.3.3.1 Example System Description

The previous example of the control console is described again in

reference to this prediction method. To reiterate, the console chassis and
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Figure 6.3.1-1 A Process Flow for the FSD Phase PM Prediction
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6.3 Full Scale Development Phase Product

6.3.1 Overview.

In the Full Scale Development phase, the maintainability engineer

needs a conservative method to convert evolving detailed design features into

active PM task times. This method uses lists of task element times

differentiated bydesign features, a mathematical model, and expert judgement

to fill any gaps in the task element list. Figure 6.3.1-1 illustrates the

process flow followed by the maintainability engineer in using this product.

As with the validation phase product, the maintainability engineer

uses other tools, such as failure Mode Effects Analysis, to determine which PM

tasks are required. After defining the tasks needed, he or she performs a

task analysis to the extent allowed by the design. Then, to apply the

product, he or she identifies each task element needed to accomplish the PM

task, assigns a time factor from the task element table, adds the individual

time factors, and finally applies the summed time factors to the model to find

the active task time. Because greater system definition is available in the

FSD Model, the FSD product is useful in developing more accurate predictions

of active task completion time. Although not developed in this study,

accurate administrative task completion times could be derived using the same

subjective estimation techniques. However, such estimates would probably have

to be derived on a case by case basis due to variability in maintenance

procedures and work area layouts.
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In this example with 2.4 as the estimated factor weight for the Inspect and

Clean SPMA, the estimated task completion time is 15.54 minutes.

If the estimated factor weight had fallen in the upper half of the

*distribution, a slightly different process is required. In this case,

subtract 4 (the typical scale value) from the estimated factor weight (e.g.

6.4) then multiply the difference by the upper half interval value (74.73).

(6.4 - 4) (74.73) = 2.4 (74.73) = 179.36

3) Add this product to the typical value (31) to obtain the estimate

179.36 + 31 = 210.36

Given an estimated factor weight of 6.4, the estimated PM task time for -

Inspect and Clean SPMA would be 210.36 minutes. •

If, however, the user wants only a rough estimate of the PM task .

completion time, he or she could merely place the estimated factor weight on

the graph along with the known time values and interpolate. As illustrated in

figure 6.2.3.4-1, the estimated factor weight (2.4) was placed on the graph

and a line was drawn vertically to the time line. In this case, the user

would guess that the vertical line falls approximately half way between the

minimum value (2.0) and the typical value (31) and would estimate the PM task

completion time to be about 14.5 minutes.
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value (255.2) and again divide by the number of intervals (3). The time value

corresponding to the upper half would be:

(255.2 - 31) / 3 74.73

To obtain the time values corresponding to 5 and 6, simply add this value to -

the typical value (31) once to obtain the time associated with 5 and twice for

the time associated with 6, i.e.:

74.73 + 31 = 105.73 (time assoc. with 5)

74.73 + 74.73 +31 = 180.46 (time assoc. with 6)

When these values are placed the time line, the maintainability engineer can

make a reasonable estimation by interpolation. However, a more precise

estimate of a PM task completion time requires the following steps: .

(1) if the estimated factor weight (in this example 2.4) is in the

* lower half of the distribution, subtract 1 (the minimum scale value) from the - .

factor weight, then multiply the difference by the lower half interval

value (in this example 9.67):

(2.4 - 1) (9.67) = (1.4) (9.67) = 13.54

2) Add this product (13.54) to the time associated with the minimum

time value (2.0) to obtain the estimate:

13.54 + 2.0 15.54 minutes
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First, the minimum, typical, and maximum task times are placed on

the graph (see Figure 6.2.3.4-1). From the Inspect and Clean SPMA example,

the scale value 1 (minimum) is assigned 2.0 minutes, scale value 4 (typical)

is assigned 31.0 minutes, and scale value 7 (maximum) is assigned 255.2

minutes. Second, although not necessary for deriving a prediction, the

maintainability engineer can calculate time values for the remaining points on

the scale. In either case, the scale is divided into two halves, the lower

and the upper half, as illustrated in Figure 6.2.3.4-1. The scale is divided

in this way due to the fact that the distribution is skewed, but intervals on

each side of the mode are roughly equivalent. Determining the remaining scale

values is accomplished similarly for both halves of the distribution. For the

lower half (scale values 1-4) subtract the minimum value (2.0 in this example)0
from the typical value (31 in this example). The resulting value (29) is then

divided by the number of intervals (in this case 3) to obtain the time in

minutes that makes up each interval in the lower half of the distribution.

(31-2) / 3 : 9.67

Times associated with scale values 2 and 3 can then be calculated by adding

this value to the minimum value (once for 2 and twice for 3). In this

example, the time associated with scale value 2 is 2.0 + 9.67 = 11.67.

Similarly, the time associated with scale value 3 is 2.0 + 9.67 + 9.67 -

21.34. If it were added a third time, the time associated with scale value 4

would result (31).

To calculate the time values for the upper half of the distribution,

a similar process is used. Subtract the typical value (31) from the maximum . -
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Based on this, we feel a need to assess the suitability of these

procedures for inclusion in the next version of MIL-HDBK-472.

7.3.3 Expert Rule-Based Systems for Preventive Maintenance

Recent advances in artificial intelligence, or computer systems that

simulate intelligent behavior and emulate human experts, have made this area

popular in recent times. A viable application of that technology exists in

the area of maintainability design. It is now feasible that such a system

could incorporate maintainability design rules to aid engineers in quickly and

efficiently designing systems or equipments with cognizance of effective

maintainability design. Maintenance experts' knowledge could be incorporated

into an intelligent system's data base and exploited for future system or

equipment design. The subjective estimation techniques presented in this

study may provide an expedient means of obtaining necessary data for inclusion

into such a rule-based system.

Intelligent or expert rule-based systems apply rules or logical

judgements to a set of data, record the consequences of the application, and

then alter the rules or make inferences based upon the previous situation.

These systems are currently used to solve problems in specialized areas, such

as medical diagnosis and mineral exploration. Computer programs used in

expert rule-based systems differ from conventional programs because their

tasks have no algorithimic solutions and, often must form solutions based upon

incomplete information.
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In building an expert system, the following prerequisites must be

considered: 1) at least one human expert must be available to provide special

knowledge, judgement, and experience on a series of tasks to the system: 2) a

* man-machine interface must exist which allows the expert to explain task

methodology to the system; and, 3) the task must have a well bounded domain of

application. As noted in this study, there is a large pool of expert

maintainers available to generate the maintainability data base and to assist

the maintainability engineer during the development of a system. Subjective

estimation techniques can be applied to build this expert data base for

inclusion into a rule-based systen.

The major advantage of a rule-based system for predicting preventive

maintenance manhours as a function of system or equipment design, is that a

maintainability engineer can quickly determine the impact of various designs

on maintenance task completion times. Therefore, he or she can impact the

design early when the immediate cost impact of design enhancements is lowest.

7.3.3.1 Rule-Based Systems and Logistic Support Analysis -

Currently, Logistics Support Analysis Records (LSAR), via special input

* forms, identify PM task functions which denote specific maintenance, operator,

or supporting functions for a system or equipment. Because of this, the LSAR

.• should be considered as a source and vehicle for inputting PM data into a

rule-based system if one is developed.
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The LSAR process could be used by a maintainability engineer to build

and modify PM task descriptions. Task descriptions and times could be derived

from expert maintainers. Using such an interactive rule-based system, the

engineer could select task element narratives, modify the narratives with new

parameter requests, and thus define the maintenance task. Using the

engineer's responses to requested parameters, th. rule-based system would

define the tools, supplies, and support items needed, assign element times,

and generate personnel and support requirements. When the maintenance

function is fully defined, the system would combine the times, tasks, and

support resources needed, and generate a combined estimate for personnel and

support requirements.

The basic method for predicting PM task completion time as a function

of design characteristics would not be altered using LSAR and a rule-based

system, but instead greatly simplify use of the method. It could also reduce

logistics support costs in system procurements.

In the early phases of the system acquisition, the maintainability

engineer defines the maintenance concept, designs a number of maintenance

scenarios, and establishes preliminary maintenance tasks. During the

Validation Phase, the maintainability engineer could use the interactive

rule-based system to apply the product developed in this study to establish

the scheduled maintenance tasks, and to capture the probable support

requirements.
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APPENDIX B

FULL SCALE DEVELOPMENT PHASE PM PREDICTION TABLES

DESIGN FEATURE TABLE

SEQUENCE MAJOR VERB SEQUENCE RANGE

1.0 Adjust 1.1 1.12

2.0 Apply 2.1 2.8

3.0 Clean 3.1 3.67

4.0 Close 4.1 4.4

5.0 Connect 5.1 5.12

6.0 Degauss 6.1 6.4

7.0 Dry 7.1 7.5

8.0 Inspect 8.1 8.31

9.0 Loosen 9.1 9.15

10.0 Measure 10.1 10.11 "

11.0 Move 11.1 11.13

12.0 Open 12.1 12.7 -

13.0 Place 13.1 13.74

14.0 Release 14.1 14.5

15.0 Remove 15.1 15.76

16.0 Rinse 16.1 16.1

17.0 Set 17.1 17.20

18.0 Test 18.1 18.3

19.0 Tighten 19.1 19.35

20.0 Type 20.1 20.1

B_-

. .... ... ..

.. . . . . . . .. .

• r: .,....,' ...- :._.o:'-r ... ..... ....... :..........



~LA~D~I u~. Is 3 IlCJ

D-- - -4

I I In I IMI

t" La L I -C 0C

03 1-4~~
I I I I I I i I . II

I I I I I 1Uzi

I I I I 0 1 ~ I I I U I w

a) L" w LX I I U I 1 -

-C o I. w ~ I U .

= ( I Ac -C I C I

an -C ~ U ui 2'
u (D Q (D Ut CD 0M

= = .4 t 0 = a- 1- C) = 0- a - I
-C U- J i n Li 4! L.. U)

-. La aJ U) 3c CA L

= 0 :3 09 -C - . I 0 aaa
-C) w w w ~ w L" La L" . w * i *(

L Ix w w w- w. w- . J 44 US . .
01 -~iU D CD DUCD D JJ

4-It ~ ~ C ~ C cn*

CD\

.re)z~ - 0 ~ 0 14 .



C\j

I- 06 C LA a ;a i a

a a I a a I C I I

a a a a a a a a

a a a a a a a a A a a a

I~~ CL o

CL C a a a a I w
a9 a . a a a a a a

D La x w I L A a a a c
13 in a a u -, .

a ~ ~ ~ ~ ~ 0 a j a a I 1- I

t- a- ac aw aI
an a z a .. 0

a~~~~ ai acc a aa a
a a I am a a a .

ac a a.
4a aI

a a a aaan~
a ~ ~ J ao a a . a ..

a,- a- ".A a a a a . a a
z~~ ~ aA a Z~. a _ aCO a a a .A

ac _" a aw a. =- a a = a "

o~A -C -dc I4 ~

La Zn La cc Qaa a *a- a
-. j a - a J LA -j -j a w. m 0 w .. a

aj 0j w L.A z a) * 0 (
cn ~ ~ L a -j w .. a a . .

Cc ) -a I-C aC -0 -Ka ~ C.~ L . a
a.~~ ~~ a-CA C a. a

w . C% a a- a-a -aA a. - u

a-i LP (Z a! a- - . 'n>LA
oj c a\ C\; a\ C\;- a, ~ It-)N L)Pe



0~ 01LA

t I I a- r. I I # C. 0 1 1-4 I
I I -C :9 P-4 I. I Ia II I

I I I t.&l I - -J L I I II
I I =. I I I *I

, 4c c L -

LWI U 0QOI

I La >- a- U2

0A -l 1- n CL= aiLa
Lai ~ ~ U. Ui C- C m 0 1 LiLA C

I a 0 o U) U- (D. I 0
= w w coI I U) I Ia

9 1-- X- -C. I ~ I - II I . .

*~C ID I La 1 .. I 0 0.

U 1-I ~ = -- :1. UJO a-0 O I -
0.~~ ~ 1. I.4J "- I.4c -C. / O
0 . . . -C w u- u00 w 0 a. 1-4 I w I" D

U . . U 3n- . in = .j . .- 0.. .. .

L"' P~ 0 - I 01 -4 II - . - --

c- u 0 le 0 U.U. Id 0.ww u
U- W~ "4 W W~ I 0- 0. a- 0. w w- - WI U. 0. a-

wJ u. L"O I I' I L" u D w wJ 01 1

U) - w. C . O I I U. U. I 0 C O I. 3

-P- P-1 I~ P>() 10 C I 0 0. I

0. ~ O I . ~ 0 ~ I I. 5 B-4 .S



I I I II - I

I IaI I

I I~ I
-r -C I I -4

31 -0 0 = I

-C- I 1 0

.- -C = -j - >- Ij C.)C
-j -C I

i I I- I 2 w 2 1 .-4I-~ ~ W4 :3 : 2 '~I I ~ I I ~ I 0

Ir W8iI L j-0" p.D c a- - 1 0- I C -C) I I

a_0 I I ( I c 1. IL I.

(/) I 0.X 0- c- c- C. I 0 C I I in

I... <d u ~ -C. IL C) .4 0 I 0. JJ CL. ~
.4 C) ..Jj 0 cn 7) co I 0 I 4 I1 .I " V) cn 0- IC In I CD

Li4 C/) u "CC 2z411 .1. iI~ d i LiJ m.4

: I: z- I 7
LA Q- L" co. w* -u~~c w I=. on -C4 U.( ~ 0 0 ~ 11 . i : 0=

- Q " cn S
cc b- = 1 -C = = N.~~~ I =' CD I.. w ~ u~N ) l ~ N) N )

-C I D I = " ccS

uj 04 1 u I0



tW! N, O- ( CDC ) W 2 C\j Lol N. N.0

I I I c 1. 2&J 1 L'J 1 "1 1 I
I r I I I

I I I I I 1.11 I ..J I I La

I I I I I I . ~ I I I 1 I j I-I I
I ~ ~ ~ ~ ' _j I - iI I-I I

I ~ ' I- -C I ~ I . I W- ~ 1 I- '-
C* c LA J A I I I = I A * I j I 0 /

LDI ( I - * 1 X I c~. I.. 1 I-

CL 0- 1 I I 0
2 I I ~- 0 - = ~i 11- I - I I I

Ij 144 I .J- 1- 1 c -n

-C .. .. .c -i) 0. I < I

0 1 . w I I 1 ..
L. U w I- i 2 - w~I I I . .

I LJ w U-4 0- L" I L. 3I -

=QJ L74 I ... -I .3LA c

0-0

-i ~ ~ ~ -C 0- - CI - 0

P- co c w 1 1- 0 0 0 0 0 *

WJ P-4 LaJ -1-4 -j In j . j U) LAJ
> 0 w~ w -j w.. LJ>
~~~2L 0i L". 1.. jI L. 2 I 1

m o w~ -C -) C C n 0 w In =
1.4. .. L U.. L U.. w ~. I II La

0. =. La w = = = .J I - a- C.
a- La C- 0-. 0 =Q C " -
K - -C w w w w . C

w 00C C.1) w w~ D w 0 V

W.. LA LAJ -J 1-4 1 -4 1 - j 2i 2i C-4 2 L U)
I- z -i - I-i w.A w w- w- W w- r-4 r1-m

w w. w. UJ P,4 C.4 .j -j -j 0 1 U) -j

0.LJ 0. "- "& " -4 I..I
L- = L4.J Z..1 LL- LL-.1 UJ 1.4. L) t)

* ~ ~~~~~~~~~~~~~ -..144.. 1 .. .J .. 1: ~ ~ LJ0 . F 0 . 0I- ~ ~ ~ ~ Z Z: 0 00 ... I0



RS

I I IL 2c I I I I

LI U I ID I I

a CL I -1 i 1 1 c A

I A 0 0 I I CL i 0 1 1 1
N, CL Q.- I I 1 In I I

0 f = W
m 0 Ie f

Co.( i 0 LaQ

oA -. 1 2:0 -C a:Z~ JO
w CL I :3m I LAJ I Q I ~ u

I- - mL cc J~ L. I-)I I

CU' 0LU cr Z i >. I J It L L
-C CL U) - - " M . UL

LU (z V)I I Z LA 0K 1- U C) i
I- 0. 4 I - I" ". a- CjUZ ~ I I ~~~~~. u -C Zj cc. U U ~ I- )

- uj -W. q O I > ~ ~ ~LU - V
-~~Sa I L~ L

I LU I CO ww .
L 1-4 -1 LU. 1 -. 1 = LU C. 0 :

W . I 1.4 ZL L.I,-r
wo~ 3' ' 0 z 1c " L- "..- L -

w O -j I U Z LU L L

I- ~ CO CA - "L o ~~ZD LU w " I 0 -J = =J -z --; u: 0

I- ~ ~ ~ I LU Q =- (D"= U .C-

x - x U. w~ 0 C.)C 0-
-. 0 -j 0j I-= I-I .1

f.D QD cn I-D w 0 u 0D0 (

w L 1 w 0 w L. w w w (~U 3 ~. S
a- a- a- L CO I CO CO CO CL :3 ::

LU L- LU- 0. = LA- u U .c LU- LU- L. LU- LU LU CO - CO

LU]L

B. 7



I I I

n D I I I
cI L- -C;I

a) I I I I

Ul C/ >j 4 LA

U) VI UI 00 C)Z Z

" 4 I=
QJ~~ ~) = I < - -4 4 I I I

7n a . -C - -0jC , L

L" -' cn o- cn m co (n L' L.A
r: 0. U5 wi - co J W 0 O IAJ

a_4 w - L i- "=O-CL = c -CO cO x O 14

0 .- j u- IX w -I w

C..)0 .1 ... CD- I- I- w j -j

1-1 -.1. LLJ 1.4 -- -j IX t L..J

1.- 1.- 1~ 4 I - 1 -4 O' 1-4 0 L)- - -

~ w .4 * w~ C L "-- x 4Y cr I- CD. (D .D CD CD eD CDI- I CD

a_ z z z m z z = = =
c= C: = (n (n V) V... U..JC3 V) c ) c ) ~) L

x 0 C 0 O C O CO CO aOCOC CO CO C.

y ~ ~ ~ C r: 7 X:6 n-cL a. a- cL cL KL a- S- K a. a-

__.. _4 -4 _4 _ j _ 4 -j _j C

C') C) C~ '-

;0 LC.2 2. -nI, Ln L)L A A) Lk L L L



f I I IL I I

I I I I I I I I I I I I I I W
I I I I I I I I I I I I I I Ia

I ro LO) I I I I I

I I Ij I I I I

L. = Ir fi I I I I m I
I 1 w t I co "C I I E I S I w m

IJ z I I . = . = In I I" I

I cn

w. w L- IL a '-

ui >- 0 " L --c W " I .c
w cm -I L.J I - I.- = L.JIo u Ij w ui LII C. I.

)K w =I _- 6 0 Q I 0 1 ;: I-i
w .c F5 L:; I 0)I I C) I I.4 w

I~ ~ ~~~~~~ C).i I I I I I I ...
I U m/ in I I I I I -i I 0

I I Cj I I I I I I .J I L I Z

0- -, * * d)I a
LI.. w I .- ) = ~ LA ~ L. ~ LA LA - I -

u L) LI. L -)- C l .

Z ~ ~ ~ c LII P- --r LI. w ~ 0 ~ ~ LALI~ I 14a
L. n n nLI.. C) L.03 Cd) Ln Ln Ln a. a. z I U)Ln

4 -I -4) - -4 0 4 -4 -4 -4. -4 -- 4 -4 -I

*2 0



C~- -

W it

4b 4
4 I n

3c (Xi

4 4 I * 4

4j 0 : X 1-

L -I 4 jnC I iU) 4 1- 4 -4c

w I La W.J 4 4

b.4 4 n I
Lc. cc CD -j w 1= .

U.. 04 cc 4 I I4 4
U) 4 4 4 4 4 Z4 U 4D

C' 4 4 4 4 0. 4 0c4

0' "A 14 4 4
4- 4 I ) I I 4 4..4 48 L

4..J 4 A 4A * L- Ij MJ GO U

0 X (x ) 4r -k 2x 4 D X 0 -4 t cc
Cl) (3 ... -4 4 -4 . .2 0

3 4J f4 e _r 0 l 4 N-) Ln C 4 (\ 4-0

4 I~ a 4 - 4 4 J )4 -- 4 - 4

46*4~ ~ ~~ - 19 4 4 ) ~4 6



00 R R

Lf I I I I C<" I Ia I -j 0,

I a I I g I II

I~-, I L J I I I

I I I I I I I I I
Q3 en I I IoI I

I ~ ~ ~ ~ ~ ~ ~ I I 0 I I I I I I i- I C

I~~ In L" f - .
co X -W cz -C = 1-4 I I I I

w V) cn -- C/ cc co :x 3 I c.

cn W-C co c ~ -i=c

L" ~ . CdWC/

3c 0 C I I-J 03 I w w C '
D co 'A- I- -j 1- C C -C O

z -C Ox I Ct

-C Me. ' -C I.-

1- 3c .a0 3c z. -c O' 3u
I. wO -C. w~1 coZI C - JO C . 1

Zi La In -j0-J ~
CJ WC cn~ Z C -

OWa- = - U2 L.J E E~. 'W UO U- VI Z- CO- I- " UL

W) ~ C Cd, Pr 0~ Cd,) P..1 r4) 04 II0 rl?)?IW d )P)W
-4 -- 4 -4 -4 -4 I - 4 -- 4 --

.J ~ L~i B-1 ( w



z I .L I I I .4- 8. C I - Io I I I I 1-~ ~ It It 0 0 L.
0 C/ C 21- ( I m I 0 c

- I ~ ') ~.4 I w-

CA I LAJ. L2 I cn I .J b
(/2 I C/5. 1 u : j8 ~ I c, C

I I I (-. - 0 - I 0 -C at
I-U - C L~ I 0(

I. 1- - * I 0 Q52 L.A V/ I 1 0- L .. -W

I -4 8 Z L- A C L .a- /) 4

z ~ ~ C V)I -b I -4 X 2.

-CI w > - > - co ccA 3 j I I ->

.A CL m 0 w. I i 8 2

Cn 0 W. L.A. >n W -z I
(2 cn C/ co m

0n -. j 77 0- 0. CL0 12 I I

- ~ 0 - L.A 0 2:0 -' I C/) - -2::c 4) i w L. - 0. CL~

(/5 w. 0 r- 4 (2 (2 d 4 .

Lii~~~~- -4 0.4 _d') _j / i : 1- i . -

Li4. w 1- d' /2 Lii t- LA1 J

4 2: 0 0 . . 0-4z~ m z z. m. zi 2:z

Qb D ( 0 (D i. U CD 0' (D 0

02:- tn Lii C o C3V L.A w00. V4c. en4.4C C/
LAJ LJ . L W W L Lii 0I W I- 1.4 .. L"

L- L- L , .4 4. L i Lii L 1 LA LL LA- L L LA . L .-

~~~~~O r-~ Li i Li 2 2 2 2 LA0.

~ : ~ 1- b ~ )- 0 4 J 4 4 P",~)~
L-4 u LA LA i -4 14 ,~ 0



-4 -4

;E 0- I (n I I I I I I

tl tD IA c I I -C I

I~~I I L ~ I

t~~~j~~- -1 I . . I
I ~ c w. CL UII I . ) I * 1

I L m - C~.. g ~

0 u l I .. -C In !i = w . . . .

co .j I - ,

0n - 6- w.. ; 4=.. w co 0 . I -

i- 0 1. ; I' I... a.J 0 ~ 1 I
LhJ V) w o C/. Iw 2e * I I

-j I L j IL -- ca. I . 0 LaiI-4w- -j m C.j I . Lai >- 9I o-4 I i -C L4 I f
cC L W LAJ cm~LJ I ~ I 0 . .- I~Z I f

cc In -0 LC j u It o uZ=r C3 = = >1 01. 10 14C w -l 01 1-..1
Cr 40 1- a: C-4 -C- CL- I w . , 14 0
WLU LU 0 "' w Lai m a~ I

6-4 uU 0; *zm (a0 U U ~
- UI

=f = RU I - o .
Lw w uI w-0.w w " ""4 fl

IK - A 0.J - I a-. C ~
-J z L' 0 j Li = =.. I 0 -t~ iL

La LJ LU . W U LA L" I- .J W .W 0 L LU WU L" w w-

a-> 0 000La-C 0 C C 0- a- 0> > CL a. 0

00~~~~. 1-0 -J - (2 *j0 0 0
w 0 A UZ Z

'C.J "I _- LX) w U r lU cc U L U 0 L U LU L U ~ 54 4
~~~fl~~~ Cl . 0. . C . C C. C. ~ . C. C. .-0 . . d . 1 . .

00) fw - I.- r-r NO I W) NOI r4) ho N- PW) LU) hn PLU~f . ') ~
-4 -4 -4 -4 - 4 4 4 - 4

- LU LU L LU LU L LU 16 U L U 1. .J L U L U L



C cOO) C)o OC O

.0 C4 I I

S I IL In ;X. I I I I
I I I I I I I I

I I I I I ~ ~~i I I I I I

> ; I I I I I I

I I Z 1-4 I I I I I I I I4
U)I I Ct) L i I I I I . I 1
U) CL uI 1-4 .44 L, L

LL -C C .L r i I F2 -j oI a.j *)

C4 C= 1-- -

0 w 0L 0 -C w z I fl I I

In w -Z m U I I I I 0 1-.4 < - I
La --s = " Z 0 C.. I I I I-

1-4 c = -j w

c. a- w0 1- I 01. IC wU 0

W I- -C 03 LU wl -C :0 = -i w

w 0 -, a: =l ~
w * u 1-4 a- -C c0~Z U~ w

?pJ z- 8J Ws 0 I I- * ..

w 0m LA C.I w..I u-- w 2 I- -.
Cl uI Cl) uXCl L" wX 0. 1-414 I

wl 0n CL dt0-C -C 0 0

Cl) L IX 44 L*. 1-40 - $ C.)4

LU> 2L-4 -4 -- 4 - - -4 -4 -0-I- -

>I-C. 0 L 2 2 ~ ~ 1- ) 15l



I I I I -- W I i I w La 0
II f

uI uI CO I I I I I ..

I~c = I I I I 0 1-4I I
w P-4 I I I I ~ Li

I , W
I, -C I * I I:C

w 00 z .. -

I~ w c 1-4 -jC. I 0 C

I.-1 -cc I 1 I .- £0 L

0.. Lu 0. le La "J . = Li. .11-

Id. ~ I- :.I u Ij , I

Li- m~O & J C l zW )I

C..)~~; "-W £ 0 LU L 1-4 U 0

0 0 Z

= ~ cc a I.

LD LU 0- -C1 w4 w U 0 - 1

-C : 0 :9 ca Lio 4U- - 0. 

1-COUSZWh"4-CUa 0 = I

u~ cm 0 1-4 1= ~L
uU Z0 0DZ se1-0 j nW.I

0C Zj 0. £0-4 2 -4 1-.4

wL J LUL1 LU 1- £0 0o

0-.4.~L CD 0.. U L~ .(

LU1-4I .J -

-. -4 -- 4 -LU £ 1-O -- C * 1-£0 £0i
0 ~ ~ ~ ~ ~ -Z LUL £0 Z £0£ -4 -4

CO~~,1-~ Li. LUZ ~ LU3 .



4C~j

I~~~1 IV II I

I I II I I I I 9 I I

I I I* I I I I I

I~~~- I C I I I

1-4

La I I I I
L6 w 0 1-4II

.4 I. -C * I
La Ij U4-I I .j *~

CL -K C-D I"-- I

j = -. cn w La 0 I C

a- Q .. g. I I C "0

I " I " -C - I I

w 0- w w -C -at - -

= 9 I I L ) C .) 0 .

=1- IS , f.. C 1 0. 0 11,

I...I00 a) - J ..

a)a )C Z c 0C1C-C C) C)

I~~ -. 13>



w-4 -4W0
-W4

F I I I I e I "I I I . I g I g
I I I I I I '.F I .F I I I I I I I "-.

In I

S I I z-I I *0

-C I .- I , i I I I : ""." "

I I " F F & I I I " I I ::: ':

L" ~~, U. L-- 1 - 1 -

- " =: ,' 0"i

-, Q 1_. I..

Oh I

0a >1 I 31 : 0 F
m -~ 1 1 W U) CO) ~

c z cc 0 1 = ~ I I1 I I
0J 0- co. coJ i ci w- I I

~~J.. • . . ,I 4 C l

LA- -- =J
I-I 6) I 1 LF I i- I

ce p C L) I (r 4cu

=~ I-=I '

-i I.- U U w~ CA*~

z I ~ a- CfL

U.a 0- a. - I IJ U Ih
Cfl c - z aJ~ z. 0 f~l

LLA.

c 19 0 =- =I =. 'I0.I - 1

LaI- - L - W j ZZ-4

CC Zi .CL CD O I F- 1. .4 C I -

-* ", wz- = -

Z- 8 Zl...4 -I 0 CL

(D c LJ L P-

0 -4 C~J -

tp

B12



P 9 1 r.

LlI PI Il I C I! lI P% pI C I I

N, C) I I p* '" 0-04I I

o-J I I IIi I I I 0c

in It~ I - co
9L4 CLu I I Cd I cn C/)

I C. I 3 I - I CL cn c ac -CI *

C n < w CL = I u 2 I , >
Li 0 1= W co "0 = .. - I C .

.1 L i 0- N, w 'n g- I . -

U, I- * OW 2~ I = -C L) C
(n U) w, a w I - cc: I X c I

xI 0 w 14 z- I .L i - ~ I 0 2 0 I - U
C)-* 3 u I 14 Cdn l d

C) 0uI I I 0 l) . ~ I

0 wO 0 =. I C) L

-C cc u1 w0 C.) -/ C

Cl 0 11CI . 0 -

24 r 2C -C 2 -C c) L. 0a U (D 0-4 I 0. .LuL
L5 Lu I C) C/) Lu = 1 1 u 21.~ ~ 0
Uo 0- L. 2 . j I w w I -i 00

00 , 0 , 0' 0w 0m j I 0 *L

w u2 U0 0 I . I "-4 I Lu = La -L

t2 ". = MI -0 2 =I 0' 0. LL .3

0 C) z 1 0 L

S-4 cn 0I I le Lu! -C Lu (D~ U, a-2
C/1. Lu 1- 2 0 -4 1 : Q I 1.

.- n - w < U, D w- I. C3 -~ w 0- J2m J

0 , 0 0 0 .u .- .. 0 0 Lu .. ..J .

LuCl (n .1c (A W ~ Q: -C - 12. ~ L

CDL ~ u A~ z -J I J L u 1- 1--1 W .

u uE L) u -C w ,- 0 co

=- 0- 010 1 ( . D 0 C

- cc -j A 0 0 C N

w, ) , , a- 5 a. o- 5 x m 0

ui -j 1-C.) __0' 0 0 0 w-

Lu~~~~~ ~~~ I u 0 L u U 0 , C > - I I



w! c\i w n t- aON.(O r.

ca I - I I I I I I
I I * I I I * I

1 19 1 1 CO I W I I I I C
u I I . I w I I I & C

CC L" I - I I I 2 I I I U I I1

L I Co a- 11I21 I CO I I I W0 1 "O I 0 Lu 0-1 2 I 2 .
c O I 14 I I u I a I 0 1 I I Z

cO a I 0a I - U. 1 I I

leI I 2 I 1 I

11 i I I - 0 w 1 CO U. 1
La I I aw - w = :w I 0 -C UI -C 0 1.- -A.. I 0cc

"I Wi 2C 2C I Law wC I WO
=- 1 2 I - O cn - I QW L" = 0

C Lu w z- WI I - 00 I 2 WI L"
u1- IR I LU I 2 C.) -; 1

LU c- I w I.- -a CD I I- a

XO 21 I- uj 21 1 2 -C -0 w-
w w o1- I 1 I-C~- I .. j

Wi 0J I" u - 0 .. I . . 0

-C I CO a)I I n W 0 0
=1- 8O 1- -- 0 = I =Z -uZ=w0

a a = i cc I 0In.- ~L
u- _ 1

I0 b- 0 04 -C La 1

V;1- Wio Cw 14-
cnL d I 0 o CO > 0 1- -01- L CO COC CO W

1-4-

2L z~. CO C 14C C

u*0* L : -0 -j LAIW 1 1- 2

LL -64 W U- w LU U 1 .. 0. .

w0 .0 0 0 0 J 1 w0c

0~ ~~~~ W4 W\ re12 -)C ~ O 1 - 1
_r Ln w- N, 1-4 Wa>14

B - 10~



000
[-n

I I I I I I I I

I gIt

I I I I , , £ I .' - ..I.

I I I I i- I I IJ
I I I I I I I I

I I I I I I I
I I,, I I I I I I 
I *, I c I I I I R .

I i, I I Z I I I I I _
I (*, I I,,. I I I I I • .-~
I I * I I I I "I•

I UJ I(J I I I I I I -
"I I I I

I I Q D I I I I I '"I

I Z I 0 0 I I I I = I 0
g " g I "-

I CO I Cz I I I I Z I

I WO I U--4I I I I
I I , - I I I I *.. Iu I
U.1 I C, .' I I I a 0cO I
I C * CO I I I 'I . .. I 1-4 I

W 0-4 *0

(D 0 -C a. i -C = U- =. CI W

I 14~CD .1 I I I- II t > W I I I 0 Ie I

I " I M I I I ., z ,.
I W= 0 W"N I I I L.) LLI fr

, -- s 0 aI I 0
.j - I I * W- z. 2 I =-

=3 I - = WaIc

0 I 0, I-

. I In = A- I- .. I I .
I 0 L C IX 0 1-4 I -m

i ,, a- I I-I .=

' I-. W J W I I CO ,I

=' D 0 ID

,..,.-40 Cl, 3 = = =- I 1

i,,. I.2 I .. °W I."

L" 8 c o" - *.. " 2.'S

0 a - ) a w WI
0 cc j -. w " U.. 1 U. 2. .

w~ La w = U "

N 0I - Z. 0= , I = I,= I,, i.

'"~~ -='= =

LC.) I- J .. I I,- O 0 0 01 '- -
I,-- L ,. CO I - e I- - .- .

C/, 0 030 I 3~.J C

I " w0 w LA- W - UJ a <~ u- -L. <W .,,0. 00 ,. J CC.) .

B-9 i>;

. =, i. "=: : 0.. (.- LUCO. S- .- " ' : -'"
• L . • • ..U . ., . I . . ... Z L- • . . - .._
• i . . . .. I .. . . . .3. 1 . .I. ui . . i. . . - . . : ' . " "

.- .. -, ,. • , . ..,- ... .. .. .. -. -. .. ..- .., ... .. .. - , ., .. , . . . . ,,W .-. -, -.. .. . , -.-. .. . - ,: , . > . '. , -, .
. .. _.. .:.. .l .. . . ... , . ..- ,.=. _. i' ' ' .. ,.R Z W , "



I I t

2 2 2z 2

2 ~ ~ ~ ~ ~ ' 2m 2 2 2 (2
2 ~ ~ ~ ~ ~ L 0 " "I22 2 2 2 ~

CC 2A P4 1 2 2 2 Z I .2

IOL d I- : w

2 ~~ ~ - CL 2AC 2 2 2 Z j -2~~ 2& 2i 2M
I~~d 2 Q 2 2cZ2 2Ih w CA W 2e 2i 2 . I~~22~ ~ 2i 2W W ccJ2 *2 I. 22 .2 2 2 2 2 ~ 2 2 - 2 - - 2 -4

2 2 Lu 2 Z 2 2- 2 L Z Z ca
2 .. 2 L . C -a. CA 1 0 2 2 2 2 0co o ' u Z Z I L

U2 CO W L" U) CJ2-2. 2 . 2 2- 24 C u u 2

In " !j aL~ aCl 0. ~ 2

La. CO 2. 2O cc' 2

a; C W W ~ w

4O >U) t-0 U) InI3 c
-J w 0 D02Q
cm-j -j _ - i *.j

0 wJ

B-8



C~S

a! c!c%-4P

10 ps 6X

I~S~~ c

Ij I/ 'I I I I I V) I I rI I I
I ~ ~ L , = I V I I

"W 18 1 = I 1 1 = IL I I I I
W *L I w 0 1 '" =

Ic 31 1 -1 I I I I
IJ w w le I I I I 3c

I~~~~~- La.. M-. -C I I I I I I

I~ ~~ ~~ c I &g * I I I I I
(D - I I I I

I lei I -C z

W 0 0 39 U I I I I I ) 9=
uI ui Zi L" :x I I ICI I

0-I II C) In Z W W I

Z~~~~~" La I--uII II I ..

0 CL I 3c w z w 3cI* I ( 3 I -
b0Z-4 I II C I* ( 3

w- ri- wD UI u u w u~ u uJ~ I (

0 ~ I I I L.J( I I

I-1-4 ~ 1
01 .L- LOA - LI C i"O I2 I2 - 2 LO L A ~ a

-I-l I 0 L- LnJ~ l

-4--4. -4 -4C CD I -4 -Z I.- .

I-I~~ ~~~~ 2f~ Z 3 Z I ( Z



I IIt I WC

I I I I I I I II CL 4

I I I I I I I I I I C
I I I I I I I I II C6

1 I I I I I I I I i x
I I I I I I I I II *

I I I I I I I I II I

z I I"I I L Ci
I~ ~~ ~ cc I I I I

c -C

I I t I I I I

I I I I I I I I I L)2e

I I " I . u w CA W

cm uI. -I I . - . .0 -

I~. U I I 1
Ib- S (A L

I ~~~~A Q I I

1. Ir at PI , , z Z

I I I I I -A 3I fu
*~~C I I I I

4cI La L. W 6- IU

W~4 NJ k I I 0 I .

'r LA a; I' 'n L LA Ln A Lx N, I .A l

0~~~~ -- 2 3



LA
eJCJ uO ~ r') N

(~eLa

Ii I Loa C6 L-

w W I In I. I

ca It I

w I I IL

c I u L I I3 La I- La I Ia I

ui~~~ I La acL

I Ij

I~~ I wc

= oI- m

Ij 1-4 w 6-4

=U a) IJ -J -- - -

I- CL I W. I- 0 2 " p z

0 ui = IiiO - 0 -

con W" I C I 0(01 a. a ai ..
I 1- Il 1-4 I- 14 I ( 1 I- I I 0I I

I~ " L I -j Ii d I I 0 L

Ow P.O p.) I !e- R~ 02 4m 4- C- I

I ~ ~ C -- (.%) fJO Ln CD a a
I ~ N co a ~ ) 0c0 0.. Ri -IM . i

4. -- -4 -- -4 -I -4 -I -- 4 -

Lii *L. ~i ~Li .B-24I- -I I



- r I I f

0 2 1 =2 2 2 2 2 2

0. cc-

z cr wC

2-4 I.. I 02 I CD

'C "W. 2 2 22 2
2 Cfl2 2 2 2 2 Z

L) ~ ~ ~ ~ ~ ~ I 0 .22 022

2- 2 2 22 2 2 2 2a

0 cc 2 C 2 2

i d. -j Co I * cj2 2 2

co L. Cf" -C. 0- u -2 2 2 2

I- 0 I 'CL.A 2-4 C.. 2 * ... j 2

- C t 0 2U f

2- c CAl -C 0C4C ~ 0- 2C W V) /) 2 2

w = L. w C.)K - z c

2 - > 2 -4 cn 2-I w .a- - 2 C) C.) 2

0 2
1-4 Z La2 24 2 2

Z o' 00 co 2o a).. m mO m m m m m m 57 m0)
o ~ ~ ~ ~ ~ ~ ~ - -4 - ~ 2 2- .

B - 2 52

3 0 - > 2



In Wi I CI ll I I l 1 I I I I Iq I R R hi IC r%

, , I II I I I t I 1 I 1 1 I I I.

C I I I I I I I I I I I

In L I II I I I I I I I

LaJ LA -I I I I I I I

I~L I I I I I I ~
3r I I I = I I I 1 I 1

lLJ I I I I I I 0 I

C n I t 0D w u I I I I I 0
Cl) U1 :9 =W. I3 In -C * I I I I I

t~~.= W LI - 2 l I I I-C L I I fI La = cn 4 1 = u 3
La W w 0 -' u I (D U -C 1 1

LL 0 M IC L&J = -K 0 w
Dc I d) I C12 v I Ij LA. I I I

C/1 >I 0- w

LUCl I I - -IC l u j C ) I Cl 3 1 C; 3

3t = Ii w w c = = w l
cc V). C4 t -=-R L) U Cl= U L C -

WU c 3 :c to) (j w3 u V3 .. j Cz = 0 u t c
- --x uI L" w- w =/ =a. u wU -0 -1 .j

= L= k x al UU 0 ClCO ~ Z 1
u ul Ir (% Cl) Z~ cn0 ) l

-4 pn 01 a C.) CII Cl5 W-j. I 3 .J
0 ~ ~ ~ -IA -l 0 ~ C ).4 J - *

ZLUL = (x u.1 Cw l . Z L . 0

C ) 1 C", a) m m~ a) a) a) Ima )a a )a )a
0.. C.. ~ O--0 -4 1- C Z -4 -- -- -4 ) - I--

C.)~Z ~ C.B-26 - I J - l4 *C O.



q 9

I I 0
I cc
IIL

I In

I I

I IL

In I.

0 L~0

I IJ

I Ia2

w E

R R

I I - 2



0
ACRONYM LIST" +. 'i

A/DF Action/Design Feature

ADM Advanced Development Model

BIT(E) Built-In-Test (Equipment) -

CAMS Consolidated Aircraft Maintenance Squadron .

DMSP Defense Meteorological Satellite Program

EDM Engineering Development Model

FMEA Failure Mode Effects Analysis

FSD Full Scale Development

MRC Maintenance Requirement Card

PM Preventive Maintenance

PMEL Precision Measurement Equipment Laboratory

PMI Preventive Maintenance Instructions

RCM Reliability Centered Maintenance

SPMA Scheduled/Preventive Maintenance Actions

Tactual Time to actually complete PM task -

Testimated Time estimated to complete PM task

Texpected actual Time predicted to actually complete PM task

C-1°

. . . . . . . . . . . .. . . . . . . . ..



MISSION
Of

Rome Air Development Center
RAVC p&1nA and executeeA eatch, devetopment, teut and
Aetee-ted acqu26Ztin ptog4am in .6uppo~t oj Command, Conttrot
Conmuication,6 and In-teLUgence (C31) activitie. Technicol
and engneeing .6ppotrt withi~n atea46 oj technico.L competence
is pftovided to ESP) Pto guwm Oj~ice (PO.6) and otheA ESV
etement6. The p~incipat techniLcat mi,6.6on aAeaa6 a~e.
coTmmlKnc&atona, etectAomagnetic guidance and contot, zuA-
veitance. oj q'Lowd and ae~o.6pace objec-t6, intel.Ligence data
cottec~tion and handting, itngAma.tion 6z96tem technotogy,
ionoh6pheAic p/topagation, .6 otid .6tate. .6 cence&, mictowaxue

pysa.L and etectjtonic 'Letiabitity, ma.ntainabd.Ztg and
compatibitity.
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