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NOTICE

When U.S. Government drawings, specifications, or other data are used
for any purpose other than a dcfinitely related Government
procurement operation, the Government thereby incurs no
responsibility nor any obligation whatsoever, and the fact that the
Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data is not to be regarded by
implication or otherwise, as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way
be related thereto.

This final report was submitted by Systems Research Laboratories, Inc.,
2800 Indian Ripple Road, Dayton, Ohio 45440, under contract
F33615-76-C-0042, project 1124, with Advanced Systems Division, Air
Force Human Resources Laboratory (AFSC), Wright-Patterson Air
Force Base, Ohio 45433. Dr. William B. Askren, Personnel and Training
Requirements Branch, was the contract monitor.

This report has been reviewed and cleared for open publication and/or
public release by the appropriate Office of Information (OI) in
accordance with AFR 190-17 and DoDD 5230.9. There is no objection
to unlimited distribution of this report to the public at large, or by
DDC to the National Technical Information Service (NTIS).

This technical report has been reviewed and is approved for publication.

GORDON A. ECKSTRAND, Director
Advanced Systems Division

DAN D. FULGHAM, Colonel, USAF
Commander
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SUMMARY

Objective

The objectives were to determine the validity of an expert esti-
mate technique for predicting the manpower, maintenance, and training 1
requirements for equipment which is in the early phases of design, and
to develop a guide for implementing the technique.

Approach

Experienced Air Force maintenance technicians estimated the man-
power, maintenance, and training requirements for aircraft avionics
equipment using only an early design phase description of that equip-
ment as the basis for the estimates. The accuracy of their estimates i
was determined by comparing manpower, maintenance, and training data
associated with operational use uf the equipment with the estimates. 1

An engineering description, containing only information which had 1
been available during the early design stages, was developed for the
AN/APN-147 (V) Doppler Radar Navigation System. This description
served as the stimulus material for the estimates. A questionnaire
was designed to collect estimates of: maintenance man-hours; crew
size; skill level; career field; task difficulty; training time for
resident, on-the-job training (0JT), and field training detachment
(FID) training; and training facilities/equipment. Other sections of
the questionnaire asked technicians to evaluate the features of the
design itself in terms of impact on maintenance time, task difficulty,
errors, and safety hazards.

Sixty technicians from two career fields, the Avionic Navigation
Systems Specialist (328X1) and the Avionic Inertial and Radar Navigation
System Specialist (328X4), wirh varying levels of experience in avionics
maintenance and training, participated as the expert estimators. The
technicians were located at four Air Force bases.

Statistical comparisons were made between the estimates and the
operational criteria data in order to determine the accuracy of the
estimates. Analyses of the data were also made to determine the
effect on accuracy cf the factors of kind and amount of weapon system
experience of the estimators, and quantity of estimators. A guide
was developed based on the procedures followed, the experiences gained,
and the results of the study.

Background

The human resources associated with support of Air Force systems
can account for much of the system readiness and cost. As systems
become more complex and more expensive, it becomes necessary to optimize




the use of human resources. Knowing in advance how a proposed system
could affect the human resources, the designers and engineers could
change, or modify, those aspects of the system which have an adverse
effect. The earlier in the system design these impacts are known,

the easier and less costly it is to make the required changes. Sub-
jective estimates, or expert estimates appear to be an inexpensive

and fast method to predict the human resource requirements for proposed
system equipment. The question is, how accurate are these estimates?
This study was conducted to expand the relatively small body of
evidence on the validity of the expert estimate technique, and to
develop and document a standard technique for generating the estimates.

Results and Conclusions

Comparisons of the estimates with the criteria data indicate
that maintenance man-hours, crew size, skill level, career field,
and task difficulty can be estimated with a satisfactory degree of
accuracy. However, the technicians greatly overestimated the training
time for resident, field training detachment training, and on-the-job
training. Estimates of the training facilities/equipment and the
impact of design features on maintenance were inconclusive.

No differences in accuracy of estimates were found between three
groups of technicians with different kinds of weapon system experience.
No differences in accuracy were found between technicians with four
or fewer years of systems experience and technicians with over four
years of experience. A minimum of 10 estimators is recommended to
produce stable estimates. It is recommended that estimators be at
least skill level 5 and have maintenance experience on systems or
equipment similar to the proposed equipment.

A prototype guide for implementing the expert estimate method
was developed and is available as AFHRL-TR-78-19 (Supplement 1), from
the Defense Documentation Center and NTIS. The guide includes the
five topics of: (1) developing the engineering description package
of the proposed design; (2) developing the questionnaire to collect
the estimate data; (3) selecting the technicians to serve as expert
estimators; (4) collecting the estimate data; and (5) analyzing the
data and preparing it for use by the engineer. The guide also
includes a copy of the engineering description package and the data
forms used by the expert estimators.
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VALIDATION OF AN EXPERT ESTIMATE TECHNIQUE FOR PREDICTING MANPOWER,
MAINTENANCE AND TRAINING REQUIREMENTS FOR PROPOSED AIR FORCE SYSTEMS

INTRODUCTION

Background and Problems

One of the biggest challenges facing Air Force system designers and
engineers is that of obtaining optimum performance from new systems
while keeping costs within strict budget limitations. The human
resources associated with Air Force systems can contribute to both
system performance and system cost and as such, represent an important
area for affecting performance increases and cost savings.

1f human resources do have such a large impact on system costs,
then it follows that this area should be examined carefully to ensure
optimum utilization of human resources and o determine potential cost
savings. In 1963, Haines and Gael stated tha: “There is an urgent need
for better use of our manpower,'" and advocated that a "simple and
accurate'" technique was needed for obtaining estimates of manpower
requirements for new systems early in the design phase of these systems.
They maintained that trade-offs between design requirements and manning
requirements could be made more effectively and economically in these
early design stages. They surveyed industry to determine which of five
human resource estimation techniques were most frequently employed. The
techniques included expert estimation, historical comparison, task
analysis, sovereign factor and models. The technique which appeared to
be the simplest, expert estimation, was one of the least frequently
employed techniques in industry. Although expert estimation seems to be
a simple technique, it is probable that industry was reluctant to employ
the technique because so little was known concerning its accuracy.

Smith, Blanchard, and Westland (1971) recognized the potential
value of expert estimate techniques for providing data for man-machine
models. They studied restore time estimates made by technicians for a
variety of radar, radio, and computer equipment. The technicians used
the expert estimate approach. Although Smith et al. were not able to
find satisfactory data with which to validate the technicians' esti-
mates, they cautiously concluded that the technique appeared to be a
"highly successful, cost-effective approach to obtaining repair time
data."

More recently, Whalen and Askren (1974) contributed to the data on
expert estimation techniques in several areas. They obtained time
estimates for a variety of maintenance tasks as well as estimates of
crew size, skill level, and career field for selected Air Force systems.
Furthermore, the estimates were based on conceptual phase engineering
descriptions of the equipment thereby providing data on expert estimates




made well before actual production had begun. Finally, they were able ‘
to find suitable data for validating the expert estimates. They reported

that, overall, technicians tended to underestimate maintenance times by

29.4 percent and produced highly accurate estimates of crew size, skill

level, and Air Force Specialty Code (AFSC).

The concept of a simple and accurate method for estimating human
resource requirements is still very appealing and it appears that the
expert estimate technique has the potential to become that simple and
accurate method. Yet, the evidence to date has not been sufficient to
recommend the expert estimate technique for applications during develop-
ment of new weapon systems.

Objectives ,

The objectives of this study were to provide additional evidence

" regarding the validity of expert estimates of human resources data and

to refine and extend an expert estimate technique which was developed

by Whalen and Askren (1974). Specifically, additional validity data :
were to be collected for man-hours, skill level, crew size and AFSC
estimates. The Whalen and Askren (1974) technique was to be refined

and extended to include estimates of training requirements and to deter-
mine the qualities and quantities of raters needed to provide useful
estimates.

Doy,
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RESEARCH APPROACH

The research approach used was, in most respects, simiiar to a
longitudinal study. A true longitudinal study would have technicians
estimate the manpower, maintenance, and training data for a system in
the early design stages and, some years hence, when the system became
operational, would have compared the estimated data with the actual data
to determine the validity of the estimates. Available time, however,
precluded a true longitudinal study. The research approach used could
be called a reverse or backward longitudinal study.

The term reverse or backward longitudinal study comes from the
fact that an engineering description of a piece of operational equipment
was prepared to include only information that would have been available
during the early design phase of that equipment. Using this specially
prepared engineering description only, technicians with various amounts
and kinds of work experience estimated the manpower, maintenance, and
training requirements for that equipment. The technicians' estimates
were then compared to manpower, maintenance, and training data avail-
able on the operational equipment to determine the validity of those
estimates.

Selection of Operational Equipment

The frequency tracker in the AN/APN-147(V) Doppler Radar Navigation
System was chosen as the test bed equipment. The choice of a piece of
avionics equipment was made since it has been shown that the avionics
technology area has the greatest impact on human resources data (Whalen
and Askren, 1974).

Development of Engineering Description Package

The engineering description package was modeled after a similar
description package used by Whalen and Askren (1974). The Canadian
Marconi Company, manufacturer of the AN/APN-147(V) radar set, was
consulted to determine the type of information which appeared in early
design stage descriptions of the radar set. This information was used
by Systems Research Laboratories, Inc. (SRL) avionics engineers to
construct the engineering description package for the frequency tracker.
The engineering description package contained a section on theory of
operation, physical and functional descriptions of the components,
illustrations, circuit diagrams, descriptions of test equipment, built-
in test features, and information on maintainability.

Estimating Manpower, Maintenance, and Training Data Items

The manpower, maintenance, and training data items for which
estimates were collected are presented in Table 1. Many of the manpower
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TABLE 1. MANPOWER, MAINTENANCE, AND TRAINING ITEMS

Maintenance Man-Hours

Crew Size

Skill Level

Career Field

Task Difficulty

Training Time by:
Training Type
Training Content

Training Facilities/Equipment

Design Feature Impact on:
Maintenance Difficulty
Safety Hazards
Maintenance Time
Maintenance Errors

data items have been included in previous research on expert estimation
techniques (Smith, Blanchard, and Westland, 1971; Whalen and Askren,

1974). Most of the training items and the maintenance items have not
appeared in previous expert estimate research. They were included in this
study to determine the accuracy with which technicians could estimate these
types of data.

One of the objectives of this research effort was to determine
what scaling techniques or decision-making aids could be used to
facilitate the collection of manpower, maintenance, and training data
estimates. Smith, Blanchard, and Westland (1971) considered estimates
of restore time to be made by a '"method of direct quantification'" or
direct estimates. They collected estimates of equipment restore time
for the 1lst, 25th, 50th, 75th, and 99th percentiles. They found,
however, that technicians had trouble understanding the concept of per-
centiles within the relatively short time available to present the
concept. For this study, a similar but less complex approach was used.
Technicians were asked to estimate the average repair times as well as
the shortest and longest repair times for a given task. Although the
focus of this study was on measures of central tendencies, it was
felt that having technicians consider both extremes of the repair time
range may serve to improve their estimates of the average repair times.

Since training times are not ususally subject to the variations
possible in repair times, the above approach was limited to estimates of
repair times. Training times were estimated directly with no attempt
to estimate a distribution of tgaining times.

Maintenance task difficulty was represented by a continuous scale

100 mm long. Huber and Delbecq (1972) have shown that accuracy of
group judgments improved when a continuous rather than a discrete scale

10
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is used. The words "Very Easy" (0 mm mark), "Average Difficulty"
(50 mm mark), and "Very Difficult" (100 mm mark) were added as anchors
to indicate the direction of the difficulty scale.

It was recognized that crew sizes may vary for any given task
depending on the severity of the problem, available personnel or indi-
vidual squadron policy. Based on discussions of using personal proba-
bilities in decision-making research (Decisions and Designs, Inc.,
1973), it appeared that using the probability approach would be useful
in estimating crew sizes for the defined maintenance tasks. In esti-
mating the probability of a one-, two-, three- and four-man crew, it
seemed that technicians could produce a more meaningful and useful
estimate than if only a single estimate of crew size were made.

Estimates of skill level, career field, required training facili-
ties and equipment, and the impact of design features were considered
items which would be directly estimated without employing additional
techniques. In the cases of design feature evaluation and training
equipment requirements, an open-ended response format was used to allow
for the wide range of potential responses.

The manpower, maintenance, and training item questions were combined
in a questionnaire booklet. A page for collecting background data on
each technician was also included in the questionnaire. Additional pages
were included to allow estimators to evaluate the engineering description
package.

The following paragraphs define the manpower, maintenance, and
training items that were estimated. They also describe the data used
to validate these estimates.

Maintenance Man-Hour Estimates and Criteria. Maintenance man-
hours were defined as the number of man-hours necessary to complete
a specified maintenance task. To arrive at man-hour estimates, tech-
nicians were first requested to estimate the actual task times for six
maintenance tasks involving the APN-147 doppler radar (see Table 2).
Man-hours for each of the tasks were calculated by multiplying the
maintenance task time estimate by the crew size estimate as described
below.

The maintenance man-hour criteria data for the six tasks (Table 2)
were taken from AFM 66-1 maintenance data for the frequency tracker
from the AN/APN-147(V) radar set. The tasks were selected to repre-
sent a variety of flight line and shop maintenance activities. The
maintenance man-hours for the selected tasks represented maintenance
actions performed in the 12-month period from 1 May 1976 to 30 April
1977.

Crew Size Estimates and Criteria. Crew size was defined as the
number of technicians required to perform the specified maintenance

11




paxaajaq
ayeday
S BEL ) aoe1day uaye] UOTIOY
ateday youag ateday asnfpy aAoway pue 3aaoway adueUdJUTEK
auTr] aur] aur1 uoF3IEB207]
doyg doyg doyg Y8114 ELL SR BT aoueuajuTEl
o~
uor3IdUNITEeR andang uoTIdUNITER UoTIdUNJITER uor3IoUNITEN Inding -
ug }o01 ON up }d01 uQ }o07] ugQ 390171 ON uor3dunjTey 2dLy
9TNPOK 9INpoK 10SS32014 I0ss9%014d 108822014 108892014
1o3eaedwo) A1ddng Teusis Teugts Teu8ts Teusts
Teults Iamog aatddog aatddog aatddoq astddoq sweN 3juawdynby
9 S ki € 4 1 SOT3ISTIa3dRIRY)
S)}Se] 9OUBUIJUTER jyse]
ALINDIJAIA ASVLI ANV “TIATT TIINS ‘HZIS MIUD ‘ SUNOH-NVW
QILVWILST SNVIOINHOIL HOIHM ¥Od SASVI HONVNIINIVW A0 SNOILJI¥OSIA °T ITEVL
o R S ——— e -

Al A s

e




task. Technicians estimated the probability that a one-, two-,
three-, and four-man crew would be required to perform the specified
maintenance task. Criteria data on crew size were collected from
four maintenance personnel highly experienced with the AN/APN-147(V)
radar set. These maintenance personnel became the Manpower and
Maintenance criteria data judges (Table 3). These judges, as a
group, established the probabilities associated with the four crew
sizes based on extensive squadron experience with the AN/APN-147 (V)
radar set.

Skill Level Estimates and Criteria. Skill level was defined in
terms of the Air Force skill level classifications of 3, 5, 7,
and 9. Technicians made direct skill level estimates in conjunction
with their crew size estimates for the six maintenance tasks (Table 2).
The Manpower and Maintenance judges (Table 3), as a group, established
the skill level criteria data for each maintenance task.

Career Field Estimates and Criteria. Career field was defined
as the five-digit AFSC. The estimates of career field were made in
two ways. First, technicians were asked to indicate what type of
changes, if any, would be required within the family of 328XX AFSCs
(avionics and electronics) to maintain the proposed equipment. The
second approach was to have technicians directly estimate which one
of five AFSCs from the family of 328XX AFSCs was most appropriate
for work on the equipment. The Manpower and Maintenance judges
identified the specific AFSC held by technicians actually performing
maintenance on the AN/APN-147 radar set.

Task Difficulty Estimates and Criteria. Task difficulty was
defined as the degree of difficulty of performing each of the six
APN-147 maintenance tasks (Table 2). The technicians rated difficulty
on a 100 point rating scale. The Manpower and Maintenance judges,
as a group, used the same procedures to establish the task difficulty
criteria.

Training Time Estimates and Criteria. Training time estimates
were defined as the amount of time individuals would need to spend
on various training topics within various types of training situations
to become qualified on the proposed equipment at skill level 5.
Specifically, technicians were to estimate the number of hours of
resident training, on-the-job training (OJT) and field training
detachment (FTD) training necessary to qualify an airman just graduated
from basic training to 5-level proficiency on the proposed equipment.
Time estimates for each training situation were broken down into
four general training topics: basic electronics, equipment orienta-
tion, theory of operation, and maintenance (Table 4). The general
topic of maintenance training was further broken down into ten
specific maintenance activities; remove, replace/install, bench
check, repair, calibrate, adjust, test/inspect/service, check,
assemble, and disassemble (see Table 5).
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TABLE 3.

CHARACTERISTICS OF CRITERIA DATA JUDGES FOR MANPOWER,
MAINTENANCE, AND TRAINING DATA

Criteria
Judges' Mean Mean Years Type of Criteria Provided*
Background n Age of Experience
Avionics 4 34 9.6 Crew size, skill level,
Maintenance career field, FTD training
time, OJT training time,
task difficulty, design
feature evaluation
Avionics 4 42 10.2 Resident training time,
Instructor facilities/equipment

*Remaining criteria, man-hours, obtained from Air Force 66-1 maintenance

records.

TABLE 4. FORMAT FOR ESTIMATING TRAINING TIMES:

GENERAL TRAINING TOPICS

Training Topics Types of Training

Resident 0oJT FTD

Basic Electronics *
Equipment Orientation
Theory of Operation

Maintenance

*Training time estimates in hours

14
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TABLE 5. FORMAT FOR ESTIMATING TRAINING TIMES
MAINTENANCE TRAINING TOPICS

Maintenance Training
Topics Resident 0JT FTD

Remove *
Replace/Install

Bench Check

Repair

Calibrate

Adjust

Test/Inspect/Service

Check

Assemble

Disassemble

*Training time estimates in hours

Experienced avionics instructors at Keesler Technical Training
Center provided the actual resident training time (Tables 4 and 5) for
APN-147 technicians. This group of training criteria judges is
described in Table 3. Actual training times for OJT and FTD training
(Tables 4 and 5) were provided by the manpower and maintenance criteria
data judges at McGuire AFB, New Jersey.

Training Facilities/Equipment Estimates and Criteria. Training
facilities/equipment were defined as the types of training devices,
training equipment and training aids required to support the proposed
equipment. Technicians used open-end response formats to make their
estimates of the training devices, training aids, and training
equipment required to support resident, OJT and FTD training on the
proposed equipment. Criteria for validating the training facilities/
equipment estimates were provided by avionics instructors at Keesler
AFB, Mississippi (see Table 3).

Design Feature Evaluation and Criteria. Design features were
defined as any characteristics of the equipment or its components
which could be identified as having some effect on the maintenance
of that equipment. Design feature evaluations were solicited for
any design features of the proposed equipment which, in the opinion
of the technicians, would: (1) make maintenance particularly difficult;
(2) present safety hazards; (3) unduly increase maintenance time;
and (4) contribute to maintenance errors. Technicians used an open-
end response format to identify these equipment design features
which they felt adversely affected maintenance and maintenance
safety. The Manpower and Maintenance judges provided criteria

15
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in the form of lists of design deficiencies affecting the four
categories described above.

Subjects

Since an avionics component of an avionics system was the test 1
bed equipment, it was assumed that estimators of the manpower,
maintenance, and training data items would come from career fields l
(AFSCs) and systems most closely related to the test bed equipment.
Three groups of avionics technicians were selected to serve as esti-
mators of the manpower, maintenance and training data items: Group D
(n = 8) was made up of avionic and inertial navigation system special-
ists (328X4) with operational maintenance experience on doppler
systems other than the APN-147; Group X (n = 35) was made up of i
avionic navigation systems specialists (328X1) with no doppler main-
tenance experience; and Group A (n = 17) was made up of avionic and
inertial navigation systems specialists (328X4) with operational
maintenance experience on the APN-147 doppler radar. These three 4
groups were created to investigate the effects on estimates of
manpower and maintenance data items of three levels of systems
experience. ]

r

For estimating training data items, a fourth group, Group K |
(n = 20) was formed. Technicians in Group K were resident avionics
instructors at Keesler Technical Training Center, Keesler AFB,
Mississippi. The instructors in Group K also made estimates of the
manpower and maintenance data items and were included in either
Groups A, D, or X depending upon their previous operational maintenance
experience. <

Tables 6 through 8 summarize the qualifications and character-
istics of the technicians.

Data Collection

Prior to conducting the actual data collection, the engineering
description package, the questionnaire and the collection procedures
were tested and refined on a group of avionics technicians from the
Ohio Air National Guard at Springfield, Ohio. Having experienced no
major problems with either the test instruments or the procedures,
the actual data collection effort began.

Visits were made to squadrons at Rickenbacker AFB, Ohio, (301 AMS)
Grisgom AFE. Indiana (305 AMS), McGuire AFB, New Jersey (438 AMS),
and to the 3300 Technical Training Wing at Keesler AFB, Mississippi.
3
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TABLE 6. EXPERT ESTIMATORS: EXPERIENCE AND CAREER FIELDS

Group Code Number of Estimators for
and Career Each Category of Data:
Experience Field Manpower and Maintenance Training
Group D 328X4 8 6
(Other Doppler)
Group X 328X1 35 20
(No Doppler)
Group A 328X4 17 14
(APN-147)
Group K 328X1 and 0 20
(Avionics Inst.) 328X4
Total* 60 60
*A total of 60 estimators was used. The Group K avionics instructors

were also used in Groups A, D, and X depending upon individual
maintenance experience to estimate the manpower and maintenance
data.

TABLE 7. EXPERT ESTIMATORS: SKILL LEVEL BY SYSTEMS EXPERIENCE GROUPS

Experience Groups

Skill Level APN-147 Other Doppler No Doppler Avionics Inst.
5 14 5 15 6
7 2 2 20 14
9 1 1 -- -
Total 17 8 35 20
Mean Skill Level 5.59 6.00 6.06 6.40
17




TABLE 8. MAINTENANCE EXPERIENCE OF EXPERT
ESTIMATORS BY SYSTEMS EXPERIENCE GROUPS

Avionics Experience

APN-147 Other Doppler No Doppler Instructors

Mean Range Mean Range Mean Range Mean Range

Years of 6.53 1-20 7.25 1-22 9.26 1-24 11.8 2-24
Maintenance
Exrerience

The actual data collection occurred in group settings of from two to ten
technicians. Each technician was given a copy of: the Engineering
Description Package for the Doppler Signal Processor; the Manpower,
Maintenance, and Training Estimate Questionnaire; and the Engineering
Description Package Evaluation. The questionnaire administrator briefed
the technicians on the purpose of the reseach project prior to giving
the verbal instructions for the questionnaire and evaluation. Tech-
nicians were advised to read the entire Engineering Description Package
before attempting to make their estimates. They were also encouraged to
refer to the Engineering Description Package whenever necessary during
the session. Upon completion of the questionnaire, the technicians were
asked to evaluate the Engineering Description Package for the Doppler
Signal Processor.

18

Acbundtes




RESULTS

Maintenance Man-Hour Estimates

The validity of the maintenance man-hour estimates was determined
by comparing the estimated man-hours with the actual man-hours reported
for each of the six maintenance tasks (Table 2). Accuracy values were
calculated by dividing the estimated time by the actual time. An
estimate that perfectly predicted man-hours had an accuracy value of
1.00. Estimates below the actual time had accuracy values <1.00 while
estimates above the actual time had accuracy values >1.00. Table 9
presents the accuracy values for three groups of technicians. 1In terms
of accuracy, the groups tended to under estimate maintenance man-hours.
Group A, with APN-147 experience, had the most accurate time estimates.
The group with no doppler experience produced the next best record while
the group with other doppler experience produced the worst accuracy
record. A Kruskal-Wallis one-way analysis of variance, however, produced
an H equal to 2.467 (p<.30) indicating that there were no significant
differences among the three groups in terms of accuracy of man-hour
estimates. It is interesting to note that the accuracy values were
close to the accuracy value of .70 found by Whalen and Askren (1974).

TABLE 9. ACCURACY VALUES FOR ESTIMATES OF MAINTENANCE
MAN-HOURS BY SYSTEMS EXPERIENCE GROUPS

Accuracy Values for Man-Hours Estimates

Task  Task Task Task Task Task Mean

1 2 3 4 5 6 Mean
Group A 1.05 1.28 .95 .48 .49 55 .80
(APN-147
Group D .76 .76 .59 .32 «23 .34 .50
(Other Doppler)
Group X .82 .86 1.02 .43 .31 .58 .67
(No Doppler)
Overall .88 .97 .94 .43 %30 .54

Estimated Man-Hours
Actual Man-Hours

Accuracy Values =
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The interrater reliabilities for single raters ranged between
.25 (Group D) and .27 (Groups A and X) for the three groups. The
interrater reliability coefficients for the groups using the Spearman-
Brown Prophecy formula were: .87 for Group A (APN-147, n = 17), .73
for Group D (other doppler, n = 8), and .97 for Group X (no doppler,
n = 35).

An examination of the overall accuracy scores for each task
suggests that there may be differences in the accuracy of man-hour
estimates based on the type of task for which an estimate is made.
Although the small number of group estimates per task did not permit
a statistical analysis of these differences, it appears that the
flightline maintenance tasks (1, 2, 3) were estimated more accurately
than the shop maintenance tasks (4, 5, 6).

The accuracy values for Groups A and X were divided into two
maintenance experience groups: technicians who reported four or
fewer years of maintenance experience and technicians who reported
five or more years of maintenance experience. Since Group D had
only two technicians with five or more years of maintenance experience,
an analysis was not conducted within this group. The results of the
comparisons are presented in Table 10. The Mann-Whitney U Test
indicated that there were no significant differences in accuracy
values based on length of maintenance experience for either Group A
(U =7, p<.155) or Group X (U = 18, p<.531).

TABLE 10. ACCURACY VALUES! FOR MAINTENANCE MAN~HOUR
ESTIMATES BY LENGTH OF MAINTENANCE EXPERIENCE

Years of

Maintenance Accuracy Values For Man-Hours Estimates

Exgerience2 Task 1 Task 2 Task 3 Task 4 Task 5 Task 6 Mean

Group A 4 yrs 1.25 1.28 -3 .59 .61 .63 .70
>4 yrs .91 1.28 41 .40 .50 .87

Group X g4 yrs .86 .66 .86 «53 .36 .56 .69
>4 yrs .81 .98 1.15 .36 .33 .56 .70

Estimated Man-Hours
Actual Man-Hours

1Accuracy Value =

2Group D not included due to small number of raters in over 4 yrs group.

3pata was not usable due to misinterpretation of item.

The effect of group size on accuracy values was also investigated.
Huber and Delbecq (1972) indicated that the optimum group size for
making accurate decisions was between five and ten. Although they
did not have validity data, Smith, Blanchard, and Westland (1971)
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felt that groups with 18 to 20 members would produce adequate task
time estimates.

To test these findings, accuracy values for groups of 5, 10,
and 20 estimators were calculated during this study. The individual
estimator's accuracy values from each of the three systems experience
groups (A, D, and X) were used as data pools to construct the various

sized groups.

Ten groups of 5, 10, and 20 were randomly selected from the
time estimate data of Grcup X (n = 35). Likewise, ten groups of
five were randomly selected from Group D (n = 8) and ten groups of
five and ten were selected from Group A (n = 17). The mean accuracy
values for these groups of 5, 10, or 20 estimators are shown in
Table 11. The mean accuracy values for the original groups (A, D,
and X) are also presented for reference. These results show that
mean accuracy values do not improve for groups larger than five
estimators.

TABLE 11. MEAN ACCURACY VALUES FOR ESTIMATES OF
MAINTENANCE MAN-HOURS FOR VARYING GROUP
SIZES WITHIN SYSTEM EXPERIENCE GROUPS

Number Man-Hour Accuracy Values
Group of Group A Group D Group K
Size Groups Mean Range Mean Range Mean Range
5 10 .82 .61-91 .52 .38-.59 .71 <42-1.12
8* 1 = = .50 = = =
10 10 74 .63-.84 .67 .54-.80
17%% 1 .80 ~
20 10 .70 .55-.80
35%** 1 .67 -

*Total n for Group D
**Total n for Group A
***Total n for Group X
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However, the range of accuracy values presented for the groups
of 5, 10, and 20 estimators (Group X) indicates that as the size of
the estimator group is increased, there is less variability in the
accuracy values and, therefore, less variability in the man-hour
estimates. This seems to hold for group sizes up to 10. Table 12
contains the interrater reliability coefficients, as well as the
mean accuracy values, for the various sized estimator groups formed
by the Group X technicians. Using the Spearman-Brown Prophecy
formula and the interrater reliability coefficient of .27 for an
individual Group X estimator, the coefficients increase from a value
of .65 for a group of 5 to a value of .93 for a group of 35.

TABLE 12. MEAN ACCURACY! AND INTERRATER RELIABILITY
COEFFICIENTS FOR VARIOUS SIZED ESTIMATOR GROUPS

Number
Group of Interrater Reliability
Size Groups Mean Accuracy Coefficient
5 10 .71 .65
10 10 .67 9
20 10 .70 .88
35 1 .67 .93

Estimated Man-Hours
Actual Man-Hours

lAccuracy Value =

At this point it appears that an estimator group size of 10 will
give accurate and stable estimates for the practical systems analysis
application. Given an abundance of time and resources, estimator groups
greater than 10 would add to the confidence in the estimated data.

Crew Size, Skill Level and AFSC Estimates

Crew Size. The crew size estimates represented probability esti-
mates by the technicians. They estimated the probability that one-,
two-, three-, and four-man crews would be required to perform each of
the six maintenance tasks. These estimates were compared with the
criteria probabilities obtained from the manpower and maintenance
judges. Table 13 contains the accuracy values for the probability
estimates of one- and two-man crews for the three groups of estimators.
The criteria probabilities for three- and four-man crews for all tasks
were zero. Accuracy values, therefore, could not be calculated for
three- and four-man crew estimates. However, the estimated probabilities
for crews of three and four ranged from .06 to .00 indicating close
agreement with the criteria probabilities.

In general, the estimated probabilities were sufficiently close to
the criteria probabilities to warrant use of estimated data in early
design studies.
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A Kruskal-Wallis one-way analysis of variance was performed for

! the accuracy values for crew sizes of one and two. The analysis
indicated that there were no significant accuracy differences among
3 the three groups (A, D, and X) for estimates of crew size one (H = 4.90,

p<.10) or for estimates of crew size twe (H = 2.16, p<.50).

Inspection of the accuracy values by maintenance task in Table 13
suggests that the type of task may influence the accuracy of the
estimate. Although there was not a sufficient quantit; of estimates
per task to statistically evaluate the differences, it appears that
technicians may be overestimating the probability of a crew size of
two for Tasks 1 through 3 while underestimating the probability of a
crew of one for these tasks. The opposite appears to hold for
Tasks 5 and 6.

Tasks 1 through 3 are flightline tasks while Tasks 5 and 6 are
performed in the maintenance shop. These task differences may be a
factor contributing to the differences in the estimates.

Skill Level. Skill level estimates were linked to crew size
estimates in that when a technician estimated the probabilities of a
one-, two-, three or four-man crew for each of the tasks, he also
estimated the skill levels required for that one-, two-, three- or
four-man crew. These estimates were compared with the criteria skill
levels. The percentage of correct estimates served as the indicator
of accuracy. Since the criteria indicated that no three- or four-
man crews would be required to perform the tasks the skill level
estimates were analyzed for one- and two-man crews only.

Table 14 contains these percentages of correct skill level esti-
mates for one- and two-man crews for the six maintenance tasks. For
crew size one, the mean percentages of correct estimates is very high,
88 to 100 percent, for all three groups. For crew size two, the
mean percentages of correct estimates falls between 59 percent and
68 percent for the groups.

An inspection of skill level 2stimates for crew size of one
indicates essentially no differences in terms of correct estimates
among the three estimator groups. A Kruskal-Wallis analysis of the
crew two skill level estimates alsv indicates no differences among
the three estimator groups (H = .32, p<.90).

g, ooy

Career Field. Estimates of AFSC were made at two levels of
specificity. First, technicians were told that the maintenance
L_ personnel for the proposed system would come from the 328XX career
field (avionics and electronics). The technicians were to estimate
whether any changes to the AFSCs in this career field would be
required to support the proposed equipment. The responses for the three
i systems experience groups are contained in Table 15. The responses to
this item are difficult to interpret in terms of accuracy. Since the
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TABLE 14. ACCURACY! OF SKILL LEVEL ESTIMATES

Estimator Groups

Group A Group D Group X
Criteria (n =17) (n = 8) (n = 35)
Task Skill Levels (APN-147) (Other Doppler) (No Doppler)
1 Crew of 1-5 100% 100% 87%
Crew of 2-5,3 or 5,5 94% 100% 827%
2 Crew of 1-5 1007 100% 947
Crew of 2-5,3 or 5,5 1007 100% 867%
3 Crew of 1-5 100% : 1007 92%
Crew of 2-5,5 11% 29% 10%
4 Crew of 1-5 1007 100% 887%
Crew of 2-NA - = =
5 Crew of 1-5 100% 100% 947
Crew of 2-5,3 607% 33% 59%
6 Crew of 1-5 1007% 100% - 887
Crew of 2-5,3 60% 33% 66%
Mean Percentage Crew of 1 1007 100% 917%
of Correct Estimates Crew of 2 68% 597% 637%

lAccuracy expressed as the percentage of estimated skill levels in
agreement with criteria skill levels.
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TABLE 15. ESTIMATES OF CHANGES TO 328XX CAREER FIELD
REQUIRED TO SUPPORT THE PROPOSED DESIGN

Changes to 328XX Types of Changes

New Expand
New Combine Shredout Present

No Yes AFSC AFSCs of AFSC AFSC
Group A (n=17) 76% (n=13) 24% (n=4) 1 2 1
(APN-147)
Group D (n=18) 88% (n=7) 12% (n=1) 1
(Other Doppler)
Group X (n=35) 83% (n=29) 17% (n=6) 3 3

(No Doppler)

APN-~147 was introduced to the operational inventory, it has been maintained
by technicians with AFSC designations of 301X1, 301X4, and, since 1972,
by technicians with the 328X4 designation (avionic inertial and radar
navigation system technician). The question on career field was defined
in present career field designators (328X4) to avoid the potential
confusion of asking technicians to recall AFSCs they may never have been
acquainted with. This would be especially true for technicians with
fewer than five years of Air Force experience. The responses to this
item reflect accurate responses in terms of current AFSCs. Table 16
presents the responses to the more detailed question of which AFSC would
be required to maintain the proposed equipment. The responses were
between 94 percent and 100 percent correct over all groups.

TABLE 16. ESTIMATES OF AIR FORCE SPECIALTY CODE
REQUIRED TO SUPPORT THE PROPOSED DESIGN

328X0 328X1 328X2 328X3 328X4* Other

Group A (n=17) - 6% (n=1) - - 947 (n=16)
(APN-147)
Group D (n=8) - - - - 1007 (n=8)

(Other Doppler)

Group X (n=3°" - 3% (n=1) - - 977% (n=34)

*Actual AFSC performing maintenance on APN-147.

i
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Task Difficulty Estimates

The difficulty of each defined maintenance task was rated by the
technicians in comparison to the degree of difficulty they had experi-
enced with other avionics maintenance tasks. These ratings were
compared to the criteria ratings and accuracy values were calculated.
The accuracy values are contained in Table 17. In almost all cases the
accuracy values for the groups were less than 1.00 indicating that the
technicians generally rated the maintenance tasks for the doppler
signal processor as being less difficult than the difficulty ratings
assigned by the criteria data judges. A Kruskal-Wallis one-way analysis
of variance revealed that there were no significant differences in
accuracy among the three groups (H = 1.51, p<.50).

Design Evaluations

The evaluations of the design presented in the Engineering
Description Package were not productive. There was very little agree-
ment between the design features identified by the estimators and those
features identified by the manpower and maintenance criteria judges as
features which would adversely affect maintenance time, safety, errors,
and difficulty. Overall, 68 percent of the estimators did not identify
any design features which would adversely affect maintenance. Since the
manpower and maintenance judges did identify design features which did
have an adverse affect on maintenance time, safety, errors, and diffi-
culty, the estimators' '"no'" responses represent inaccurate responses.

Of the 32 percent of estimators responding, only a small percentage of
their responses (less than 3 percent) agreed with the criteria. It
appears that maintenance technicians using early stage engineering data
cannot identify features of the proposed equipment which would adversely
affect maintenance time, safety, errors, and difficulty.

Training Estimates

Training Time. The focus of analysis for the training estimates
was the accuracy of training time estimates for various training topics
and types of training (see Tables 4 and 5). Maintenance technicians in
groups A, D, and X as well as avionics instructors in Group K over-
estimated the training times for all types of training. An examination
of the accuracy values for training time estimates contained in
Tables 18 and 19 reveals the magnitude of the overestimates. The
accuracy values for training time estimates for the general training
topics (Table 18) represent overestimates ranging from 71 percent
(accuracy value = 1.71) to 887 percent (accuracy value = 9.87). The
accuracy values for estimates of training time for maintenance training
topics (Table 19) represent overestimates ranging from 148 percent
(accuracy value = 2.48) to 764 percent (accuracy value = 8.64).
Although no further analyses were conducted because of the large degree
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TABLE 18. ACCURACY VALUES! FOR ESTIMATES OF
GENERAL TRAINING TOPICS

Accuracy Values for Training Time Estimatec<

Resident 0JT FTD
Group A (n=14) 2.60 2.84 6.26
(APN-147)
Group D (n=6) 2.52 1.71 6.69
(Other Doppler)
Group X (n=20) 9.87 252 7.26
(No Doppler)
Group K (n=20) 1.85 3.34 5.85

(Avionics Instructors)

TAccuracy Value = Estimated Training Time
Actual Training Time

TABLE 19. ACCURACY VALUES! FOR ESTIMATES OF
MAINTENANCE TRAINING TOPICS

Accuracy Values for Maintenance Training Time Estimates

Resident oJT FTD
Group A (n=14) 4.71 4.16 3.37
(APN-147)
Group D (n=6) 7.70 5.55 8.64
(Other Doppler)
Group X (n=20) 5.26 4.83 4.43
(No Doppler)
Group K (n=20) 2.48 5.95 2.67

(Avionics lnstructors)

TAccuracy Value = Estimated Training Time
Actual Training Time
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of inaccuracy for the training time estimates, it does appear that

Group K, avionics instructors, produced resident training time estimates
which were relatively more accurate than the resident training time
estimates produced by the other groups. This does not appear to be the
case for OJT and FTD training time estimates.

Training Facilities/Equipment. Estimates of training facilities/
equipment were included in the study to determine if estimators could
identify unusual training facilities or equipment to support the proposed
equipment design. The training criteria judges, however, indicated that
no unusual training facilities or equipment was necessary to support the
proposed equipment. They identified the types of training equipment
necessary to support most types of avionics training such as mock-ups,
hot mock-ups, schematics, and block diagrams. The estimators also
identified the usual types of avionics training equipment and, as a
result, their responses agreed with those of the training criteria
judges. However, this information provided no evidence as to the
capability of expert estimators to determine unique training facility/
equipment requirements based upon early engineering data.

Engineering Description Package Evaluation

The overall usefulness of the Engineering Description Package was
rated on a 100-point scale ranging from (0, "Not Very Useful," through 50,
"Useful," to 100, "Very Useful." The mean rating given by the techni-
cians was 35.8, somewhere between '"Not Verv Useful" and "Useful." When
asked to rate the amount of detail in the package, 47 percent felt there
was too little detail, 39 percent felt there was sufficient detail,

7 percent felt too much detail was presented and 7 percent did not
respond. When asked if the diagrams and illustrations were helpful,

76 percent responded ves, 15 percent responded no, and 8 percent had no
response.  When asked about the number of illustrations and diagrams to
be included in future summaries, 54 percent felt the number should be
increased, 3 percent felt the number should be decreased, 31 percent

felt the number should be about the same, and 12 percent had no response.
With respect to length, 8 percent of the technicians felt the summary
was too long, 36 percent telt it was too short, 47 percent felt it was
about right, and 8 percent did not respond.

An improved engineering deseription package for this study woeuld
include more detailed intormation (it available in the carly stages of
cquipment design) and more intormation on the proposed location of the
cquipment on the aircratt.  The package would also contain additional
intormation on test, alignment and ad justment procedures. Based on the
tochonicians” comments the improved package would have a shortencd intro-
duction as well as less intormation on the theory of operation.  The use
ot craphic means of presenting intormation would be retained and the
number of graphics, such as diagrams and illustrations, would probably
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be increased. With these changes incorporated, the improved engineering
description package would be approximately the same length as or
slightly longer than the original package.
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DISCUSSION

The results of this study demonstrate that avionics *echnicians
using an expert estimation technique can make accurate and reliable
estimates of maintenance man-hours, crew sizes, crew skill levels and
required AFSCs for proposed avionics equipment. These results provide
additional validity data regarding the use an expert estimation technique
for collecting these types of manpower data during the early stages of
system design.

More detailed analyses of the man-hour estimates were made to
determine if the qualifications of the technicians or the quantities of
technicians affected the accuracy of the estimates. Statistically there
were no significant differences in accuracy among the three systems
experience groups. This finding should not be too surprising since
these technicians, although varying in systems experience, represented
closely related AFSCs within the avionics career field. Based on the
results of this study, estimators from AFSCs or systems experience
groups which are closely related to the proposed equipment or system
will provide reasonably accurate estimates of maintenance manpower and
man-hours. Further research should determiné how much of a difference
can exist between the estimators' systems experience and the proposed
system before the accuracy of the estimated data deteriorates.

It also appears that it is not necessary to select technicians on
the basis of length of systems experience. No significant differences
in accuracy were found between those technicians with over four years
of systems experience and technicians with four or fewer years of systems
experience. These results may indicate that the experience base for
making accurate estimates can be accumulated in less than four years.

The accuracy values for the man-hour estimates reported for the
different sizes of groups were useful for determining the quantity of
raters necessary to make accurate estimates. The mean accuracy values
varied only slightly and with no clear pattern as the group size was
increased. However, as group size was increased, the range of the
accuracy values decreased indicating less variability in the estimates.
This would indicate that the probability of obtaining extremely high or
low man-hour estimates would be reduced for larger groups. For this
reason, group sizes of at least 10 are recommended for use with the
expert estimation technique.

Another consideration in recommending a particular quantity of
raters is reliability. Interrater reliabilities increase as the number
of raters increase. For the man-hour estimates, interrater reliability
coefficients for individual estimators were .25 (Group D) and .27
(Groups A and X). Using the Spearman-Brown Prophecy formula with these
coefficients the predicted interrater reliability coefficients for
groups of 10 are .77 (Group D) and .79 (Groups A and X), respectively.
For groups of 20 estimators, the interrater reliability coefficients are
.87 (Group D) and .88 (Groups A and X), respectively.
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In determining the number of estimators needed for a given project,
the accuracy requirements for the project as well as available resources
need to be considered. If a high degree of confidence in the estimates
is needed and if resources are available, then it appears from the
data that larger estimator groups should produce estimates with less
variability and higher interrater reliability. In no case, however,
should fewer than 10 estimators be used to generate man-hour, manpower,
and maintenance estimates.

The recommendations on qualifications and quantities of raters
discussed above are based on the analysis of the man-hour estimates.
The criteria data for the man-hour estimates were the actual man-
hours reported in maintenance records for the six maintenance tasks
while the criteria data for the other items were ratings from the
criteria judges. The man-hour criteria data were viewed as providing
the most rigorous test of the expert estimate technique. The analysis
of the man-hour estimates, therefore, became the basis of the recommenda-
tions for quantities and qualifications of raters. However, it is
expected that the recommended qualifications and quantities of raters
for man-hour estimates would also be used to collect the associated
estimates of crew size, skill level, career field, and task difficulty.

The accuracy of the training time estimates was not encouraging.
Generally, the technicians overestimated the amount of time required
for the various types of training and training topics. One possible
explanation is that the engineering description package did not contain
enough detail to permit accurate training time estimates. Another
possible explanation is that although the technicians were instructed
to estimate the training times for the specific component, the doppler
signal processor, they may not have been able to distinguish between
the training time allotted to one component frem the training time
allotted to an entire system. The estimates may have reflected the
longer training times associated with the entire system. Additional
research seems in order regarding the impact on training time estimates
of level of detail of engineering data and systems versus component
level descriptions of proposed designs.

The questions regarding training facilities and equipment were
included in the study under the assumption that the responses would
produce estimates of unusually complex or expensive training equipment
as well as more routine training aids. However, estimates of required
training facilities/equipment could have applied equally well to the
entire system or to any other avionics system. It is inconclusive at
this time whether expert estimators using early engineering data can
determine requirements for unique and complex training facilities or
equipment.
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It must be remembered that the results of this study were based
on an avionics component and estimates from avionics technicians.
This limits the application of the method to avionics technologies.
Since avionics and electronics technologies are appearing in increasing
numbers of Air Force systems this limitation may mean little in terms
of the number of systems which could use the expert estimate method.
In any case, as research on the expert estimate method includes addi-
tional technologies and technician career fields, it is probable that
the method will be shown valid for a wider range of technologies.

A prototype guide for implementing the expert estimate method
was developed and is available as AFHRL-TR-78-19 (Supplement 1), from
the Defense Documentation Center and NTIS. The guide includes the
five topics of: (1) developing the engineering description package
of the proposed design; (2) developing the questionnaire to collect
the estimate data; (3) selecting the technicians to serve as expert
estimators; (4) collecting the estimate data; and (5) analyzing the
data and preparing it for use by the engineer. The guide also includes
a copy of the engineering description package and the data forms used
by the expert estimators.
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CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations can be made based
on the results of this investigation:

) I

The expert estimate method employed in this study can be
used to collect data on maintenance man-hours, crew size,
skill level, Air Force Specialty Code, and task difficulty
data for proposed equipment designs.

The estimates of training times and training facilities/

equipment were not accurate or productive. Further work is
needed to develop techniques for estimating these training
items during the early design phases of system development.

Technician estimators should be selected from the current
systems most similar to the proposed system. The length of
system experience does not seem to affect the accuracy of
manpower and maintenance estimates provided the raters are
at least qualified as 5-level maintenance technicians.

A minimum of 10 estimators should be used to reduce the
variability in the estimates and to increase interrater
reliability. The actual quantity selected would depend on
the desired degree of confidence and available time and
financial resources.

Refinements were made to the expert estimation technique
developed by Whalen and Askren (1974). A prototype user's
guide describing the refined method was developed and is
available as AFHRL-TR-78-19 (Supplement 1), from the Defense
Documentation Center and NTIS.

Additional research is needed using an actual, rather than a

simulated, engineering description, and entire system, rather

than a component of a system, and an inclusion of tech-
nologies and AFSCs from areas other than avionics. This
research would broaden the generalizability and increase
confidence in the use of the expert estimate method.
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