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FOREWORD AHD ACKNOWLEDGEMENTS

The preface does as well as perhaps any remarks in introducing these
proceedings. /The theoretical operability deficit (e.g., for aircraft) is
modulable through the incorporation of such advances as cockpit engineering
decision augmentation technology, task allocation methods, voice interactive
technology, etc. HWhat advances are we to rely on, however, for deflating the
growing lag in maintainability? The reports contained here represent a
compendium of current thinking on the matter. They were produced by a diverse
body of subject matter experts, and they comprise quite an array of
philosophies. The cormon denominator is, of course, the human factor./

Although this document is one of only a very few dedicated exclusively to
human factors in maintenance, it is no doubt the most recent. The
information, innovation, and more than anything, the enthusiasm, that were so
vigorously and successfully exchanged at the conference will represent only
the first such endeavor; the Department of Defense Human Factors Engineering
Technical Advisory subGroup for Human Factors in Logistics (LOGSTAG) has
eagerly sought to sponsor the symposium on a yearly basis.

The conference and this publication would not have been what they were
without the tenacious dedication of several key players: Ms. Louida Murray,
Ms. Laura Hitchcock, Dr. Joe Lambert, and Ms. Sharon Morgan. Their untiring
capacity for work, exemplary professionalism, and enthusiastic support were
truly inspirational.

The corments, opinions, and philosophies contained in or inferred from thé
reports that follow are not necessarily those of the U.S. Navy, nor of any of
the respective sponsors, unless otherwise stated.

Dennis K. McBride, Ph.D.

LT, MSC, USNR

Manager, Design-for-Maintainers, and

Chairman, Design-for-Maintainers Conference, 1982
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A Human Factors Design-for-Maintainers
Technology Development Program

Dennis K. McBride Joseph V. Lambert
Naval Air Development Center Eagle Technology, Inc.
Warminster, Pennsylvania Warminster, Pennsylvania

The problem of maintaining airborne systems has grown considerably over
the past two decades. With the increased size and ever-growing complexity of
modern aviation weapon systems, estimates for maintaining them now range from
1/4 to 1/3 of the entire, yearly DOD budget. Furthermore, it has been
estimated that as many as 1/3 of all military personnel are detailed
exclusively to maintenance and support functions. Apparently, however,
traditional problem solutions have not worked. A typical Navy squadron today
may, for example, have only about 50 percent of its aircraft available for
full operational use. An analysis of the 3-M data on the F-14, to isolate one
problem area, reveals (1) that because of excessive mean elapsed maintenance
times (EMT), a $2.3 B excess inventory of F-14s is needed in order to maintain
a prescribed, mission-capable force, and (2) that maintainer errors alone
(e.g., diagnostic false alarms or maintenance-produced damage) account for a
staggering share of unscheduled maintenance costs (Fuchs & Inaba, 1979). This
means that an additional 1.23 maintainers are needed per aircraft, merely to
recover from performance errors.

Clearly, when it comes to operational readiness, reliability is, and
always has been a key issue (see, for example, Willoughby, 1931;, but because
of the acceleration in the subsystem complexities which characterize nodern
aircraft, even if overall system reliability could manage to sustain present
day levels (or even improve, miraculously), measured maintainability would no
doubt continue to decline. While such technological advances as Built-in-Test
(BIT) and modularization certainly show promise, unfortunately, there is good
reason to believe that early predictions for their success were quite probably
overly optimistic (e.g., BIT reliability for the F-14 is, at best,
disappointing). Polling of the participants at this symposium (over 376
man-years pooled experience) reflects this disappointment (Appendix A;
McBride, 1982). BIT's perceived reliablity as a cure for diagnostic ills, is
for this diverse body of symposiasts, at least, lukewarm. And its perceived
future potential is only slightly better. Furthermore, forecasts for the
availability (dwindling supply) and trainability (accelerating costs) of a
future, qualified population of organizational-level maintainers are
pessimistic.

The essence of maintainability is, of course, fast, safe, efficient
repair; and at its heart are people-related variables--factors such as

b

(K]

OO S

Py

.
A K R XA




................

diagnostic hehavior, decision/cognitive complexities, reading comprehension,
job aiding technology, accessibility, psychomotor coordination, anthropometric
matchups, transfer of training, man-to-machine information transfer, and
systematization. These human factors must be comprehensively and
systematically examined, and the performance-based discoveries which their
research provides must be elegantly intermeshed as design criteria, standards,
and specifications. Design-for-Maintainers (DFM) is NAVAIRSYSCOM's (340-F)
multidisciplined technology development program, aimed specifically at this
most crucial manpower/readiness problem. The R & D effort is performed by the
Maval Air Development Center (NADC Human Factors Technology Development,
Aircraft and Crew Systems Technology Development Directorate, Warminster,
Pennsylvania) under Program Elements 62757N and 63710N. (The Office of Naval
Research sponsors a related and coordinated effort.)

Following is what must be only a superficial overview of some of the
philosophical issues which underlie the steering of DFM technology
development. In order, the following topics are addressed: (1) Reliability
and Maintainability; (2) The Human as a Factor; and, as an introduction to
the reports following, a brief introduction to (3) Design-for-Maintainers.

Reliabjlity and Maintainability

Blanchard and Lowery (1969), tell us that maintainability M), as an
"accredited" engineering discipline, evolved as a product of the many
reliability (R) engineering efforts of the 1940s and 1950s. Perhaps as
significant as any M-related historical landmark, the Pentagon, in 1954,
formally ($) acknowledged and adopted M as the curative counterpart to R, the
preventive. Since that time, both R and M have experienced the ad hoc
attention so typically devoted to adoptees, the "Oh yeh, let's not overlook R
& M" policy. Although R and M comprise (as subsumed under logistics)
sonething called, perhaps simplistically, but at least singularly, "Systems
Availability Technology," it is a curious but cormon perception that these
disciplines have evolved as mutual adversaries. Competition for resources ($)
no doubt shares some responsibility for their evolutionary branching; but for
whatever reasons, "Big R/Little M," "Big R/Important M," etc., although aimed
at precisely the same goal--availability, and exploiting precisely the same
approach--system reliability (machine, man), continue to regard the other as
threat.

Regardless, one serious question for both R and M philosophers has to do
with what seems somehow counterintuitive to a surprisingly large camp. That
is, although component/subsystem reliability has continued to increase over
recent years, system reliability has continued to dwindle. The solution is,
of course, that the number of components which comprise modern aircraft has
also increased over the years, and since overall system reliability is a
product of the combined "subreliabilities," availability has declined. To
risk insulting the sophisticated reader, take the following example. Suppose
the mean reliability for essential components for a particular system (i.e., a
defect means aircraft is grounded) experiences a dramatic, linear growth from
say .9 to .99 over some ten-year period. For the same period, let's say that

1 M = concept/discipline, M = neasure of M
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the number of assemblies, parts, etc.--the components which constitute the
aircraft--and the number of component interfaces also increase linearly, by a
theoretical factor of .1, so that the "average" aircraft at the end of our
10-year study window has 10 percent more components (and even more interfaces)
than its "average" predecessor. Exercising a simple cumulative binomial model
of failure prediction shows that there is not an increase, but a decrease in
aircraft availability. That is, the probability that no parts will be
portrayed as faulty on some theoretical, time-frozen snapshot of aircraft
availability has actually decreased. Furthermore, these hypothetical figures
represent rather conservative depictions of trend; in reality, component
reliabilty has obeyed an increasing, but ne?ative1z-acce1erated growth curve,
and component proliferation is more typically positively accelerated (or
sigmoidal). This all means, of course, that technology must drive component
reliability upwards by a very immodest exponential factor in order to maintain
constancy in system availability. History shows clearly that this requisite
cannot be met.

For it is written, then, that systems fail. The issue, therefore, becones
one of repair. And it is the repairman's reliability--the probability that
his performance error will not render a system unavailable--that now becomes a
central consideration. So, how much variance in TURNAROUND-TIME do maintainer
(vis a vis, supply) variables ACTUALLY account for? The answer is not clear,
Targely because of the question of the immediacy of maintainer involvement in
many of the multitudinous facets of maintenance activity. Not surprisingly,
however, this lack of clarity does not yield a paucity of answers. The
disappointingly few, though highly significant, contributions in the
literature (Blanchard & Lowery, 1969; Crawford & Altman, 1972; Rigney, Cremer,
& Towne, 1965; Topmiller, 1964; see Hsu & Theisen, these Proceedings for a
review) suggest strongly that the human interface is in fact key. Fuchs and
Inaba (1979), for example, have shown that maintainer errors can be reduced in
simulation by as much as 97 percent with appropriate manipulations of design.
Furthermore, M practitioners do not point smartly to the numbers of technical
publications devoted to HfM--there are only a few. The man-hours invested,
however, are staggering; and a quick Took at the rezults of the opinion poll
(Appendix A; McBride, 1982) leave no doubt that those who worry about M
problems, scientist and maintainer alike, share a mind: variance contributed
by the human interface is legion.

On the other hand, many operational maintainers and officers perceive the
above account as a tenuous indictment of technician skill level, and instead,
invoke supply (viz., parts availability) as the chief, if not the only nemisis
of efficient turnaround. There are literally scores of supply-related
management problems for which human factors technology has been, and should
be, providing solutions. As one real example of this potential, voice
technology has shown considerable promise for the remediation of
catalog/inventory/distribution/disposal problems. For present purposes,
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however, attention is devoted to the design of equipment and its interaction
with human variables.

The Human as a Factor ;ﬁ
N
Maintainer reliability is underpinned, of course, by a number of factors, K3
the first of which, could be characterized as demographic or personnel. In v
the Navy, for example, there is a generally reliable, three-way classification f:
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of first-tour Mavy maintainers. Comprising the first category are those who
need a job tomorrow; they impulsively apply for enlistment, pass the necessary
screening exercises, and by a "thought-out" Mavy selection process, they are
assigned to a track which, in many cases, will ultimately become a severely
truncated career. These individuals have an excessive desertion rate, and
their performance is generally well below average--observations interpretable
as motivational problems. The second category, those who are career-(read
security) minded, typically come from disadvantaged socioeconomic backgrounds
and are typically poor in such abilities as reading, communication,
comprehension, etc. The third grouping, fortunately, represents the largest
population &60%) of entering Mavy maintainers. They are bright, eager to
learn, suffer fewer motivational problems, and perform exceptionally well.
Unfortunately, over 90 percent of these maintainers leave for better
pay/conditions after their first tour. The problem for the Navy, of course,
is the resulting negative relationship between time-in-service (and thus,
assigned responsibility level) and basic skill level. Of those who do not
choose to make the Navy a career, the probability that a maintainer will
terminate his Navy service increases with measured ability level and
experience. In other words, those who cost most to train and do the best job
don't stay.

The second conglomeration of human issues which help predict maintainer
performance can be classified as training and educational factors. The Navy
has an elaborate assignment schene which factors in such variables as
recruiting commitments, PCS costs, school quotas, etc. for determining
training and specialization tracks for sailors. Theory, applications, and
on-site training are intermeshed according to any number of variables, and
performance is evaluated continually. Scores of arguments have been and can
be raised with regard to the effectiveness of current training methodology
(e.g., see sections in these Proceedings) but one limiting factor surely
underwrites the ultimate impact of all the "mega dollars" of training and
simulator expenditures. That factor, as outlined in the previous paragraph,
asserts that the effectiveness of any training or selection inmnovation is no
better than the a posteriori likelThood that selectees and trainees continue
in service. Unfortunately, psychologists have long known that those who
profit most from traditional training are not universally those who begin
training with the lowest skill levels.

Furthermore, as the sophistication of aircraft has grown, the nature of
the underlying variables which govern maintainer performance has also
changed. Figure 1 illustrates the point. Forty years ago, it was conceivable
(and irminently practicable with the draft) to recruit (select) a body of
maintainers, who with a modicum of "repairman" experience and a minimum of
training, comprised a qualified population of operational maintainers. As
aircraft complexity increased, however, more and more training was found to be
necessary, so that in the 1980s, training expenditures (including simulator
technology) for maintenance and logistics have, by necessity, soared.

Summarized rather simplistically, when the effectiveness of personnel and
training methodologies begin to approach their technological end points--
whether because of accelerating system sophistication, technician skill
deficits, or whatever--it becomes painfully clear that in many ways it is less
expensive to manipulate the design of equipment than to "manipulate the design
of human capability or its expression.
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Figure 1. Schematic portrayal of the impact of increased aircraft
sophistication on the variables underlying maintainer performance.

TOO FEW ADEQUATE

Design-for-Maintainers

DM is based philosophically on the tenets outlined above. Presented
simply, the program can be characterized as in Figure 2. The ultimate
concern, of course, is the useful output provided now and in the future by
DFM. This output comes in two mutually interactive varieties: (1) engineer-
ing solutions to existing problems, as for example, the F-14 ECP depicted in
Figure 3, and (2) technological advances for the prevention of future

roblems. The methodology which provides these products is common to both,
and 1t involves, first of all, the application of state of the art HFM
principles toward well-recognized, M problem targets. This "application" may
take several approaches. For example, a known, incorporated design feature or
change may have been driven, let's say, by the need for greater accessibility
to a particular avionics component. Aviation 3-M data, or perhaps squadron
reports, are analyzed after the fact to determine the M consequences of the
engineering feature. The application may, however, not be "after-the-fact,"
but instead, it might be an attempt to verify in a controlled fleet setting
(e.g., NAMTRADET) or well-controlled laboratory, the predicted impact of a
single or set of HPM Features on M.

The critical task of validation then begins. Here, the effectiveness of
the design/redesign inputs is scrutinized; the nonproductive elements are
discarded or rethought, and the productive ones are retained. A factor-
analytic-1ike approach then partitions the valid design enhancements into such
traditional categories as accessibility, diagnostic complexity, biodynamic
stress, or it suggests new ones. As the validation process continues, the
methodology is expanded to other components, subsystems, and systems, where
validation and update continue to support this progression.
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Outline of Design-for-Maintainers program.

RECOMMENDED CHANGE:

PROVIDE AN ADAPTER FOR EACH SENSING ELEMENT NO. 1
TO AVOID ACCESS REQUIREMENT EXTERNAL

TO THE ENGINE NACELLE.

ESTIMATED BENEFIT:
SAVE 2 TO 3 HOURS IN
REMOVAL/INSTALLATION

Figure 3.

FUTURE ACQUISITIONS

® STANDARDS/SPECIFICATIONS
® CHECKLISTS

® CAD/CAM. MAM
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One example of an ECP which would impact maintainer efficiency.
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Table 1

SELECTED HFM MAJOR INSTALLATION RECOMMENDATIONS

COMPONENT | RECOMMENDATIONS | INCORPORATED? |  aAM?
Forward Reaction | Reduced number of frasteners ki Yes |
Control Nozzle | Standardize bolt Tength | No (Different |
| ; thickness) I
I

P. H. Console | Move panels aft to allow direct | Yes |
1 removal of electrical panel = :
TWD Avionic [ Provide head cTearance [ No {Gooseneck |
Bay Door | | hinge size |
I | restrictions) |
I I I
INT Lights |  Change mounting bolts to hex 1 Yes |
Controller ; head for tool access , |
I
Kickshields | Redesign mounting brackets for | No (Sufficient |
I ease of removal 1 bending) I
Fuel Probe [ Change grounding screw to captive | Yes |
; screw : |
I
Pitch Servo | Redesign actuator for reducing | Yes |
= replacenent/rigging procedures l :
Door 10 | Add Tanyard to prevent straining | Yes |
{ ALR-67 antenna cables : |
[
Formation Lights ; Splice at moldiine when replacing ; - Yes |
I
Swingbolt/ | Provide spring nechanism to retain| Yes 1
Unserside } swingbolt out of removal envelopel| I
Options Display | Add handle for ease of removal | In-work |
Unit : | |

Crewstation I Use structural hat section as “In-work
Electrical | conduit to eliminate clamps/ | |
Wiring | exposed wiring in cockpit | |

Daily Access Door

Hinge upward or to side for better
access to wheel well |

No (Door 1s 1n

view when opened) |

s =% %

Y YR Ao
s

o om .

JPTL UtiTize sTide mounting No {Siuc door

: : removal) |
Autostab Pitch | Redesign to simplity installation | Yes

Actuator } procedure | |

Throttie Quadrant | Redesign access to throttie stops Yes

; for ease of rigging |
AFT Avionic Bay | Hinge doors upward No (Severe

I

Doors | weight penalty) |

S
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oy An example of an ongoing effort might serve well here. When the Navy's "

5 F-18 became a blueprint reality, HMM engineers made, literally, hundreds of .
inputs aimed at improving the aircraft's maintainability. Whereas the F-14 ’

W had shown an MMH/FH figure in excess of 40 (i.e., a man-week effort required ié
to prepare the aircraft for the next 1 hour of flight.), these F-18 design

> features (Table 1) were intended to bring that figure down to around 11, a

- much nore tolerable maintenance burden. With the establishment of the first {%

=N F-18 squadron, the success of those state of the art, engineerng features can

N now be tracked via a systematic exanination of aviation g:M data. And the .

W analysis of these successes and unproductive solutions underlies the 2}
developrent of ongoing HPM technology. If, for example, certain design

W features consistently induce diagnostic false alarms/false removals, and

[ others lead more typically, say, to equipment damage errors, then standards, "
specifications, checklists, even CAD/CAM interactive models can be generated 58

%z to decrease the prevalence of their incorporation into the design of future

W systems. Such associations are being borne-out currently by DPM. These 2
preventive measures--technological design aids--have proved in the past, and &
can continue, to save millions in maintenance man-hours and dollars.

Lé

.3_ Currently, and as many of the following reports show, DFM methodology is
T exploiting several data bases, but it is deliberately concentrating on a

i relatively small cross section of platforms. The F-14, because of its
recognized M problem, its mature-yet-relatively-new status as a fighter
aircraft, the vast number of ECPs associated, and its ample maintenance data
reserve, represents quite a target for HF attention. Other aircraft are also
prime attractions: the EC-130 (unique 0O-level maintenance scheme), the SH-2F
(a rotary wing), the F-18, and the F-4. Plans are in work for the VT-X. The
data sources also vary from 3-M, to FLAG T&E, squadron reports, structured
interview, structured maintenance activity analysis, and on to NAMTRADET
performance records.
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The program is solution-driven. Yet, neither engineering curatives, nor
technological preventives will represent a M panacea. The effectiveness of
the approach is no better than the extent to which the user community--the
PMAs, advanced concepts technologists, safety engineers, class desks, R & M
engineers, operational maintainers, and squadron commanders--are actually

A

k_ intermeshed as active DM subscribers. Transitional funding and sponsorship, Es

5 therefore, must be two-dimensional: (1) DFM has in fact succeeded in

b establishing a relatively secure 6.1 (with ONR), 6.2, and now 6.3 transitional

N base. Growth on this dimension must be invigorated, however, with (2) an even ai

" more convincing and sustaining growth on the axis of "user acceptance." DM -

oy is beginning to make this claim.
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An application of DFM technology is taking place right now in the city of
; Detroit. We have there a nonmilitary project involving maintenance on a bus.
The bus in question is the GMC RTS II (F1gure 1). The RTS II became
operational in 1976 and is now in use in nearly every major city in the

a country.

In the project described here, DM technology covers the following:
information packages for use by maintenance personnel, solutions to problems
posed by inadequate system design, inappropriate support equipment,

L B counterproductive maintenance practices, and measurement of bus fleet
performance reflecting maintenance effectiveness.

XN

P

Our mission in Detroit is to help the Department of Transportation improve
the availability of the RTS II through more efficient maintenance. Our
original strategy was to drive down the mechanic error rate by means of Job
Performance Aids (JPAs). However, as we moved into the work environment, we
discovered other problems that also needed attention. Some of those problems
are described in this report.

eZs 8

iy

The project referred to covered three systems on the RTS II. In this x
particular account, we will concentrate on only one of them: the Heating and R
Air Conditioning System. First, we will look at the system in question; this &
vwill provide a context for the materials to follow. Next, we will see some
samples of the JPAs and other information products delivered. te will then \
examine some maintenance problems caused by both the system designer and the -
maintainers themselves. We will describe our experiences in trying to :
implement our program. Finally, we will explain our approach to program
evaluation.

)
Y

/I

T

Introduction to H&A/C System

2

A

Figure 2 illustrates a top-level view of the Heating and Air Conditioning
System. It is comprised of four subsystems, namely:

M
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Refrigerant circulation
Water circulation

Air circulation
Controls

L

Co 8 ok
#’q
[ 3 W N J

7

Es In certain ways, each subsystem is similar to its counterpart on other

o0 buses. Many of the components are identical, as are individual functions.

c What makes this system unique is that, for the first time, the functions of

15 heating and cooling are brought together as a single system rather than two
related systems. Another unique feature is the control subsystem. Mode

ey selection is accomplished by thermostats sensitive to external air

temperature. As we will see later, this feature is not necessarily beneficial

to the mechanic.

r

=

Ll

) Views of the respective subsystems as shown in Figures 3, 4, 5, and 6 are
meant to show that the various components are in fact familiar to the

£ maintenance community. That is a valuable characteristic in any new systen.

Eé Another point of importance to the mechanic is component location. Here

‘a again, the designer did a good job. Physical access is not a big problem on

W] this system.

=3 EBL

- Information Products Provided

3
) Now that we have been introduced to the system itself, we are ready to see

,f' the first element of assistance given to the mechanics through our

f% progran--the information products. Chief among these products are the JPAs

2 (Figure 7).

AN |- 3

& The 1ist of JPAs reflects the entire scope of maintenance jobs applicable g}
ﬁ to the system. Most of the jobs entail component replacement and *
fy service-related actions at the component level. A small number of jobs, such

. as troubleshoot and check, apply at the system and subsystem levels. This -
-7 distribution is typical of most systems. éj
W Figures 8 and 9 represent sample pages from two JPAs and are shown in

St order to convey the flavor of the information involved. One illustrates a Q
i? replacement job, the other, check and service. Note the following features of 3
] Figure 8:

N ~a
-t Job location and hardware appearance shown pictorially !

°
e Mumbered arrows marking each point to be touched
¢ Action statements carrying those same numbers

o Short, simple statements

LAl
'alsl

Figure 9 features include:

=
o Specific criteria where a decision must be made ]
e Clear routing out of decision point

A11 JPAs are formatted in this manner. 1&

L]
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REPLACE BOOSTER PUMP e
: Remove Booster Pump (continued) -
& T
.‘: .
* 8. Remove vortex screen (4) from inlet
hose (3). See if there is damage =
. on screen. .:3
L In the following step, hold BOOSTER
;- PUMP while removing flange bolts (1), {‘7
' 5
9. Remove four flange bolts (1) from
pump clamp (2). e
N 10. Remove BOOSTER PUMP from coach. v
3 )
X END OF ACTIVITY e
; i
N
™
\
'
Ly
& O
P 1
h 1¢4 places)
.
-." }'::
,._ f.-
b
h }‘Ql
! fos]
i {
; 3
) 5
. W
-
¥ Figure 8. Sample JPA. e
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Check For Air In Systea (continued)

12. See if reading on high pressure
gauge (2) is within three psig of

To obtaln proper temperature reading, pressure on Temperature
thermometer or sensor must be fastened Relationship Table, page 9-
to condenser line with thermo-mastic
tape. ) 1f reading is within three psi of
value on table, go to Step 17,
9. Place thermometer on condenser Page 9.
line (1). Wrap with tape. Wait
ten minutes, then note 1f reading is not within three psig
temperature. of pressure on table, continue.
10. Using two temperature readings,
determine average temperature.
11.

Note reading on high pressure
gauge (2). -
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Certain tasks are cormon to several jobs. In order to control against
repetition, such tasks are best covered outside the JPAs and then simply
referred to as the need arises. In this project, the document used to do that
is called a Skill Aid. Eleven Skill Aids were required for the Heating and
Air Conditioning System (see Table 1).

Strictly speaking, the term "skill" may not be the most accurate one to
use. We frequently think of skill in connection with sensorimotor faculties.
But, in maintenance, those kinds of abilities are seldom needed. Maintenance
jobs are much more likely to be driven by the need for information.

Figure 10 is a sample page from a Skill Aid. The presentation techniques
employed are similar to those used in JPAs. The halide torch, by the way, is
a device used to check for leaks in refrigerant lines. When the flame comes
into contact with leaking Freon, the flame changes color.

The final information product to be exhibited (Figure 11) is the system
explanation. The purpose of a system explanation is to give the mechanic an
understanding of how the parts of a system work together to produce the
required outputs. Such information is vital to effective troubleshooting.

The page shown in Figure 11 is from the first section of the explanation.
The picture will be recognized as one illustrated earlier. The first section
is expressed in very simple terms. The intent being nmerely to establish a
foundation for the detailed passages that follow. The system explanation,
like all the other information products developed for the project, makes use
of well-founded principles of presentation and learning.

Maintenance Problems

The Heating and Air Conditioning system on this particular model/series
produced a number of interesting maintenance problems. Some were caused by
the system designer, others by the maintainer. It is sometimes hard to tell
where one stops and the other begins.

Refrigerant leaks are a case in point. This bus has had a persistent
problem with leaks. Some experts say it was due primarily to vibration.
Others say the chief cause was overpressurization. We don't know which side
is right. We do know, however, that the leaks have been there, and that the
maintainers were not, at first, dealing with them effectively.

Leaks, by the way, are a triple-threat problem in refrigeration systems.
First, of course, they allow the Freon to escape gradually, thus reducing the
cooling power of the system. Second, they permit the entry of air bearing
moisture which combines with the Freon, hydrochloric acid is formed, which
causes internal corrosion, and further aggravation of the original leakage
problem. Finally, the leaks make necessary a higher frequency of corrective
actions which happen to be very time-consuming in nature.

With these facts in mind, we can now 1ook at two maintenance practices

that were clearly counterproductive. The first practice has to do with
cleaning the outside of the bus. Implicated are both cleaning personnel and

.-

r}. "-(.

A > Ios T MK

. s“c‘ o.‘u Y "'

P

N "

oy

"rl'l‘

Sl el

ey .'2
PRy

‘E".‘}'A

e -

. .
- e

(8 R

11

')
ar’y

‘ P ¢
Sadh




i [ SRR W ST I SFIRAAAS I S DT A B XA N SRk O R CAICAALA NN LR
X X Sapo) Al pue
. sweJsbeig bulsipg asn 01 MOH LI
X 13)aWLUYO-IOA
pue 1ybi 1531 3s) 03 MOH °QOL
A.. X Bulnpp 1e91n23)3 Jieday Oy MOH 6
X 6uigny saddo) 19pjog Oy MO '8
X abnec) uoisuaj
1jag sybnosng asn O3 Mo  °/
X jue| uoai4 asn Ol MO ‘9
&
X 1ag abneo) juesablijay asn Oy MOH G
X uonEelS UOIENJBA] 3N} Ol MOH ‘b
X apol\ buiuonipuod ny aﬁm_yaor
129G pue aulueleq 0} MO '€
” X dnuuepy HIIND WIOjIed O MOH 2
X Ydio] apljeH asn Ol MOH ‘L
AVLINIW IvN1d3dH3id IVIISAHd 1UNS

SPLY LLIAS WAISAS BuluoilLpuo) Jty pue builean 11-S1Y
| a1qey

o ‘.. an.-\t- \.---....v.‘ ﬂ-- ... ... .\n..-nv. -.|.~....~.. m... ..\.A.,. J ! B o .. ) .\tﬁ..a “..i v el ' . ..:L v ; .-L i -.. -.. E..-.-M K At




I S s,
Pl

'

i

¢

t

r

"

!

it

s

2

P

g Introducti

ntroduction

o I —

7. The halide torch, also called

‘. "sniffer”, is used to detect and locate
3 leaks In the refrigerant system. The

torch consists of the following parts:

o

i

. o fuel tank (6)

W o valve (5)

:ﬁ o burner (2) with copper plate (4)
éﬁ o plck-up hose (1)

e The torch may burn propane, alcohol or

d acetylene.

;N
gi When the valve (5) 1s opened, fuel

A% flows from the tank into the

[ burner (2). The fuel should be ignited

within a few seconds of opening the
valve. Otherwise too much fuel escapes

HALIDE
TORCH

Figure 10. Sample page from a skill aid.

Lty
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into the surrounding =‘r. Too much
fuel in and around the t.rner can
result in 2 burned hand ~~ the fuel
is ignited, or even caus- a fire or
explosion hazard. Once t-  flame (3)
is burning, the valve is used to adjust
the size of the flame.

The heat generated by the flame draws
air through the pick-up hose (1) into
the burner. The color of the flame
indicates the presence or absence of
Freon gas in the air. Therefore, the
color of the flame should be observed
when air without Freon is drawn into
the burner. This “normal” color
depends on the type and quality of the
fuel being burned.
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EVAPORATOR
HOUSING

THERMO-
STATS

HEATING AND AIR
CONOITIONING COMPARTMENT

V HEATING AND

AIR CONDITIONING
CONTROL 80X

ENGINE
COMPART-
MENT

DRIVER'S
CONTROL PANEL

REAR
APPARATUS
BOX

CONTROL SUBSYSTEM

The control subsystem uses pneumatic and the rear of the evaporator housing in the
electrical devices such as valves, sole- heating and air conditioning compartment.
I[‘Ev noids and switches. Control "decisions”
y are made by the thermostats, Manual controls are located on the driv-
er's control panel. Key electrical con-
Many of the automatic control components trol components are located in the rear
ﬁ are located in the heating and air condi~ apparatus box in the engine compartment
tioning control box that is mounted on and in the evaporator housing.

[on pu a0
s

H Figure 11. System explanation.
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the system designer. The designer led off by placing the refrigerant -
condenser in the engine compartment, right beside the radiator. Remember now, -
Y that the radiator has beside it, a fan that pulls outside air in through the R
? radiator for the purpose of cooling the engine (Figure 12). -y

Py

In this case, the fan acts like a vacuum cleaner. Each day, dirt and =
debris are drawn in from the street and deposited on the condenser fins. The o~
initial result is to restrict the flow of air through the condenser, thus

reducing the condenser's ability to transfer heat from the refrigerant to the =
outside air. At this point, cleaning personnel take over. In their zeal to -
get the condenser back to normal, they use the strongest measure available to b
o them: steam cleaning. The steam is effective in cleaning the condenser

z;' fins. The problem is, it is also effective in overheating the refrigerant .
- lines. When refrigerant is overheated, it builds up pressure rapidly. For o
example, refrigerant at 120 degrees Fahrenheit exerts 160 pounds of pressure.
At 135 degrees, the pressure increases to 200 pounds. By 150 degrees, the
pressure escalates to 800 pounds. The refrigerant lines, meanwhile, are

I designed for 250 pounds of pressure. Thus, the high pressures, created by the
excessive heat of the steam, place a severe strain on the lines, greatly
increasing the chances of further leaking. Fortunately, the practice of steam
- cleaning around the refrigerant lines was stopped after attention was drawn to
- its bad effects.

- e
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- The second example of a counterproductive maintenance practice involves
' support equipment (Figure 13). Here again, the refrigerant lines play an
important role. Leaks must be dealt with as follows:

Frnpty system of refrigerant

Repair leaks by soldering

Evacuate system to remove moisture
Recharge system with refrigerant e

PN -
« e« o

The key step in the process is evacuating the system to remove moisture. As
indicated earlier, moisture in a refrigerant system creates big problems. The
systen may be emptied for repair by means of a vacuum pump and a standard
gauge set. .

o To renove nmoisture from the system, however, the same equipment is not ~j
adequate. The vacuum pump used for normal purposes will take far too long to
do the job of removing moisture. A larger purp is needed. The standard gauge
set, meanwhile, measures in inches of mercury, whereas the evacuation level

- required calls for measurerient in terms of microns. The criterion value is
o 450 microns. One inch of mercury equates to 25,400 microns. Coordination

o with the maintenance superintendent remedied this problem. Each evacuation

= station was equipped with a heavier pump and a gauge set capable of measuring
. in microns. The new neasuring device is called a thermistor gauge set.
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L The next two examples of maintenance problems lead to difficulties in =
troubleshooting. Both were created by the designer. The first involves water
circulation and associated controls. -
1) -
. As we said earlier, the water circulation subsystem (and associated )
— controls) is responsible for coach heating. Here is what happens when the 4
¥ coach is in the heating mode (Figure 14): a thermostat in the control group =
3 :
< 26
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senses the temperature of the air in the coach. If the air is too cool,

pneumatic control signals are sent out, activating the heating components. o
The key heating component is the water modulation valve which controls the o
flow of hot water from the engine cooling system through the heaters. If the ~
water modulation valve and other components are working right, warm air is ~
blown into the interior of the coach. Eventually, the temperature of the o
coach interior is again sensed by the thermostat and the cycle is repeated. S
The process involves ten major components, plus pneumatic lines, water o
lines, electrical wires and connecting hardware. The problem with the Lo
existing arrangement is that, when the system fails, it is very difficult to
determine which component is responsible. The design forms a closed loop e
unhroken by any indicators or controls. The only way to approach a &

malfunction is to test each item individually.

Project analysts responded to the problem by constructing a special test
fixture (Figure 15). The fixture contains two controls, a pressure gauge, a
hose, and connector hardware. The connector hardware allows the fixture to be
installed in the existing pneumatic control line (Figure 16) running into the "3
water modulation valve. Along with this fixture is a thermometer, placed -
inside the coach. With this new setup, the troubleshooter can run a variety
of tests, all from one convenient location.

)
Yila

4
Figure 17 shows how the test fixture would be represented in our original Vi 4
diagram. Note the control and the indicator of the fixture and the !
thermometer in the coach. Consider now, two quick examples of the types of o
tests possible. S
In the first example, the troubleshooter can use the start signal to the o ‘
heating components. By checking the temperature of the air flow at the L
outlets in the coach, he can quickly determine whether or not the heating =
components are working. If they are, then the trouble must reside in the . 1
control components. 3 i
[ I
The second example applies if the heating components are working. The |
test fixture allows the troubleshooter to vary the amount of heat delivered by Q’

1
the heating components. The temperature variations are picked up by the N i
thermometer inside the coach. For each temperature valve, a corresponding

pressure valve should be registered on the test fixture indicator. Different o
kinds of discrepancies in the temperature/pressure relationship point to L
different groups of components as possible causes of the malfunction. The -
special test fixture has become a popular piece of hardware. The maintenance
superintendent has taken steps to make it available to all garages.

The second example of troubleshooting difficulty involves the blower motor
control circuits. There, all components are interconnected in such a way that

L3
the failure of any one could shut down the entire group. The blower motors -
are, in fact, wired in series (Figure 18). i
Ideas for redesign were easily generated. One in particular is shown in
Figure 19. Note that it consists merely of converting the series circuit into
two parallel circuits. The advantages to the troubleshooter are obvious.
(-l
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Unfortunately, it was not possible to get this change authorized. The
inefficient original design, thus, has had to be dealt with by careful
construction of the Troubleshoot JPA.

Program Implementation

While the information products were being developed, a great deal of
analysis was taking place. This analysis led to the discovery of the
erroneous maintenance practices. Correction of those practices was made
possible by a cooperative maintenance superintendent.

Mechanics were taken through basic training on the Heating and Air
Conditioning System. Because of the power of the JPA concept, basic training
was acconplished in Tess than 24 "hours" per class. JPAs were then placed in

all the garages, at points where the mechanics could gain access to them
easily.

To expand the opportunity for newly-trained mechanics to work on the
system, a preventive maintenance campaign was established. It calls for

direct use of key JPAs in the work. It is staffed entirely by newly-trained
mechanics.

A quality control plan was adopted, calling for the work of the preventive
maintenance teams to be checked for their first few experiences. A feedback
loop was established whereby supervisors responsible for the preventive
maintenance teams could be kept informed of their work quality. Two means
were provided. One is the record generated by the quality control effort.

The other is a record showing repeat jobs and the mechanics associated with
them.

Program Evaluation

A special effort has been undertaken to obtain a practical evaluation of
the Detroit program. This effort has involved quantitative measures applied
both before and after training. One measure is based on road calls. The
other is based on drive-in complaints. Both represent unscheduled maintenance
actions of the type Detroit would 1ike to avoid, whenever possible.
Fortunately, the normal recordkeeping system at Detroit requires the
documentation of each maintenance task action. Key data items recorded at
that time are (Figure 20):

o Date of occurrence
¢ Coach number

o System involved

e Mechanic involved

With these elements, it is possible to construct reports that reflect
performance and maintenance effectiveness. Preventive maintenance
transactions are recorded separately.

Some preliminary analyses have already been made, focusing on repeat
maintenance actions (Figures 21 and 22). Such repeats are taken to reflect
the presence of mechanic errors. We realize, of course, that all repeats are
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not the result of errors. Some are due to normal equipment failure. Even so,
as shown here, the actual number of incidents is considerably greater than the
number expected. The difference between the two represents the potential for
improvement. We now believe that there are several paths to that

improvement. One is better information for the mechanic. Another is better
maintenance practices. Another is better equipment design, especially as it
affects troubleshooting.

With specific regard to program evaluation, we are organizing fleet
performance data as shown in Tables 2 and 3. That is, we are counting
incidents, not repeats. And, we are referencing them against miles driven.

We have isolated the systems covered by the program. For each system, we
are totaling road calls and drive-in complaints per month. This will allow us
to establish a baseline record denoting performance prior to training. Data
collection will be continued for a year after training. It will then be
possible to compare performance in corresponding months, from one year to the
next.

Conclusion

The project at Detroit has reached the point where the mechanics trained
on the Heating and Air Conditioning System are about to start working in their
respective garages. As indicated earlier, all known erroneous maintenance
practices have been corrected and all recormiended new support equipment has
been obtained. A preventive maintenance campaign is scheduled to start on 15
March, 1982. Observers will be watching closely. We will know from the
quantitative data to what extent we have succeeded.
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The Removal of Nonfaulty Parts by Maintenance Technicians

Jesse Orlansky
Joseph String

Institute for Defense Analyses
Alexandria, Virginia

There are several reasons to be interested in how well maintenance
personnel perform their job. The major one is that their performance
influences the operational readiness of weapon systems in the field. Another
is that knowledge about the quality of job performance is needed to evaluate
the effectiveness of methods used to select and train maintenance personnel.
Surprisingly, little objective data are available to document how well
technicians do what they are supposed to do. Up to now, methods of selection
and training have been validated almost entirely on the basis of how well
maintenance technicians perform at school rather than on the job.

Measures of Job Performance

The following types of measures appear valid for describing how well
maintenance personnel perform on the job:

Number of malfunctions diagnosed correctly

Average amount of time required to diagnose correctly various types of
malfunctions

Number of replace and/or repair actions performed per unit time

Maintenance man-hours per operating hour

Operational (combat) readiness of units supported by maintenance personnel

Maintenance man-hours per maintenance requirement (action or task)

Mumber of nonfaulty assemblies removed unnecessarily

Damage to equipment during corrective maintenance

Failure to remove faulty equipment.,

This 1ist of measures is meant to be suggestive rather than complete. If
data for these measures were to be collected, they would obviously have to be
based on complete records or, at least, on a representative sample of
equipments, malfunctions, personnel, and working conditions.

The military services operate large maintenance management data systems
that provide much detailed information on the current maintenance status of
military equipment. These data systems, identified in Table 1, are discussed
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elsewhere in this volume (see String and Orlansky, pp. 59). These systems
were designed to provide information needed to manage maintenance and logistic
services and not to relate the performance of military technicians to methods
of selection and training.

There appears to be no routinely available source of data that describes
the performance of maintenance personnel in any of the military services. A
few special investigations (i.e., ad hoc efforts) have been reported and these
provide the basis for the present paper. A1l of these concern only the
removal of nonfaulty parts during corrective maintenance. Corrective
maintenance at the organizational level is limited to "on-equipment" repair or
the removal of suspect assemblies from equipment end-items. The removal of
nonfaulty assemblies would appear to indicate inadequate job performance by
the organizational maintenance technician. Information that nonfaulty parts
have been removed arises later vwhen intermediate level maintenance personnel
cannot find a malfunction.

Data on the removal of nonfaulty parts are easy to identify and can be
conveniently collected. At best, they can describe some, but obviously not
all, aspects of the quality of job performance of maintenance personnel. Some
qualifications on the interpretation of these data will be discussed later.

Table 1

Maintenance Management Data Systems Used by the Military Services

Maintenance Management Systen

Service Name Short Title
Arny The Army Maintenance Management System TAMMS
Navy Naval Ships' Maintenance and Material Ships' 3-M

Management System

Navy Naval Aviation Maintenance and Aviation 3-M
Material Management System

Air Force Air Force Maintenance Management 66-1 and 66-5
Systens

Results

A surmary of seven reports on the removal of nonfaulty parts during
corrective maintenance appears in Table 2. It concerns the maintenance of
aircraft, armored vehicles, and the electrical components of other automotive

-2, v VOR X o
LAY 1 T

o vehicles. Some large data samples are involved, e.g., 72 F-14A aircraft over
Y a period of one year; all maintenance actions (a total of 0.4 million actions)
= in the Navy on four aircraft over a period of one year; the smallest sample is

L A
LAY
FENE Y |

for all maintenance on electrical components at an Army base for one month.
The sources of the data are some of the records collected routinely by the
maintenance management systems of the three Services.
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Nonfaulty parts were removed in 4 to 43 percent of all corrective
maintenance actions in these data; the median value of 11 data sets is 15
percent. The removal of nonfaulty parts accounts for 9 to 32 percent of all
maintenance man-hours (for three cases where such data were reported).
According to one study, technicians fail to find a faulty part or they damage
a good part in about 10 percent of all corrective maintenance actions (Gold,
Kleine, Fuchs, Ravo, & Inaba, 1980).

These data suggest that inadequate performance by technicians contributes
to the "not-ready" status of military equipment. Other factors would include
the unavailability of spare parts, test equipment, and up-to-date technical
documentation. For example, Gold et al., (1980) estimate that an average of
22 percent of the F-14A aircraft were not ready over a one-year period for
reasons due to supply. According to a questionnaire, about 50 percent of 551
Army technicians believed that repetitive maintenance (same malfunction) of
Army helicopters was due primarily to inadequate test equipment, trouble-
shooting, and standard maintenance practices; about 20 percent gave inadequate
training, tools, and maintenance manuals as a secondary cause (Holbert &
Newport, 1975). These findings appear to identify a significant problem in
military maintenance but do not suggest a means to its solution.

The data sample is small and may not be representative. The removal of
nonfaulty parts may not always be an inappropriate action, e.g., the test
equipment may not be capable of distinguishing between a faulty and nonfaulty
part; if the technician is under pressure to have equipment ready for a
mission, he may remove and replace a large number of assemblies without tests
in order to make sure that the malfunctioning unit has been removed. Finally,
the data apply to all maintenance actions within large units and not to the
performance of particular individuals.

One particular value of data describing the quality of performance of
maintenance personnel on jobs in operational settings would be their use in
validating selection standards for recruiting and assigning personnel to
career paths and for evaluating the effectiveness of various methods of
training (e.g., conventional instruction compared to computer-based
instruction, use of maintenance training simulators as opposed to actual
equipment training). As a general matter, the effectiveness of military
selection and training has been evaluated on the basis of performance of
technicians at school and not on the job. The latter is the more relevant
criterion.

Another possible use of these data would be to the human factors
engineering of maintenance support equipment and, perhaps, of the operational
equipment as well. It might be that inadequate human factors design of
equipment increases the difficulty of identifying and replacing failed
equipment and leads, to some extent, to the removal of nonfaulty parts.

It is conceivable that the data generated through maintenance management
systems of the military services could be modified to provide information on
the performance of maintenance technicians. These systems were designed
primarily to manage maintenance operations and cannot be faulted for not
providing information relevant to the performance, selection and training of
personnel. A prototype system for providing some of this information has been
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developed and is now being tested by the U.S. Army Research Institute (Katz &
Drillings, 1981). Called The Army Maintenance Performance System, it records
S the work experience (time on each technical task in the maintenance battalion)
X and training (courses and qualification tests) of each maintenance
‘ technician. This record system is not meant to be part of The Army
L@ Maintenance Management System. It would be used by work supervisors and

- training managers; each soldier would carry his own record of experience and
skill history. It does not appear that this record system would contain
information about effective and ineffective performance, e.g., time to
diagnose malfunctions, success and failure to diagnose malfunctions of various
types.
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A Survey of Methodological Issues in Maintainability Research

Shang Hwa Hsu
Charles J. Theisen, Jr.

Essex Corporation
Warminster, Pennsylvania

Maintainability, as defined quantitatively, is the probability that an
equipment can be restored to operable conditions within a given period of time
(Goldman & Slattery, 1977). In the past two decades maintainability has posed
a serious problem for military systems. With the advent of modern technology,
the complexity and the size of equipment systems has imposed severe demands on
maintainers. This excessive maintenance workload has impaired operational
readiness.

To overcome these maintenance burdens, a variety of efforts have been
devoted toward enhancing maintainers' productivity. Researchers have been
concentrating on exploring relationships between maintainability and system
design parameters such as equipment design, personnel selection and training,
support facilities, and the operating environment. Some human factors
specialists try to apply their knowledge to design equipments that are not
only ninimizing maintenance errors but maximizing maintainers' capabilities,
and to develop effective training methods to enhance maintainers' skill
levels. Fven though we recognize the importance of personnel and logistics
factors, we are not dealing with these factors within the scope of the
Design-for-Maintainers Program. Instead, we will concentrate on
maintainability research which predicts and evaluates maintenance performance
as affected by equipment design.

Maintainability research in equipment design serves three basic purposes.

First, it develops methodo1ogies for maintenance performance measurement and

rediction (e.g., Shriver & Foley, Jr., 19/4). Secondly, 1t 1s used to
evaluate the impact of current equipment design on maintenance performance,
vhich 1n turn provides diagnostic feedback to design engineers. In this
1ight, maintainability research can serve as an evaluation tool for the
development of Engineering Change Proposals (ECPs) or other weapon improvement
programs. Thirdly, it is employed to determine the absolute and relative
contributions of varfous design variables to maintenance performance, which in
turn can feed into the development of a maintenance performance data base and
a simulation nodel and provide design engineers with a basis for trade-offs
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between different design features. In this vein, maintainability research
acts as a ground work for the derivation of design guidelines for use in the
early design phase to improve the maintainability of future equipment.

Approaches to maintainability research thus far can be classified into
three categories: (1) time-synthesis methods, (2) correlational methods, and
(3) experimental methods. The purpose of this survey is to describe and
analyze these available approaches, and to examine the methodological issues
germane to these approaches.

Current Approaches to Maintainability Research and Modeling

Quite often, maintainability requirements are expressed in terms of
mean-time-to-repair (MTTR) and/or mean-down-time (MDT) because of the close
relationship between these indices and system effectiveness measures such as
operational availability. A number of maintainability models were developed
to predict maintenance times from system and equipment design, and to provide
an indication of design compliance with specified quantitative system
requirements. Generally, these prediction models can be categorized into two
groups: (1) time-synthesis methods, in which a "bottom-up" approach is
applied. That is, it starts by defining a number of component activities in a
maintenance task. The maintenance time distributions associated with these
component activities are then synthesized to form the time distribution for
the higher-order maintenance task. And (2) correlational methods, which
predict the maintenance time of a task from scores on checklists which are
designed to evaluate system design characteristics such as equipment design
features, personnel requirements, and support facilities. A thorough review
of these prediction models has been conducted by Rigney and Bond (1964), and
Smith, Westland, and Crawford (1970). Here, only a brief description and
examination of methodological issues existing in these models will be
discussed.

Time-Synthesis Methods

The ARINC model, procedure I in MIL-HDBK-472, is based on the
"huilding-block" procedure and the concept of transferability. The
building-block procedure states that a maintenance task can be broken down
into a number of "elemental activities," i.e., simple maintenance actions.

The time distribution of each maintenance category (e.g., preparation, fault
Tocation, etc.) can be synthesized by the addition of time distributions
associated with its constituent activities. These time distributions of
maintenance categories, time distributions of logistics factors and
administrative factors and equipment component reliability figures, in turn,
synthesize into system downtime. The synthesis principle assumes that: (1)
elementary activities in a maintenance category are independent of systen
design factors, while the frequency of occurrence of an elementary activity is
affected by system design factors. The compound probability of conjunctive
occurrence of several constituent activities is determined by a simple
multiplication of the probabilities of occurrence of these activities. In
other words, it implies that these constituent activities are discrete actions
and maintainers perform these activities in some predefined sequence. The
transferability principle holds that data obtained from one airborne
electronic and electro-mechanical system can be generalized to those similar
systems which are operated under comparable conditions. The design variables,
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used as input measures in the ARINC model, are limited to the number, type,
and location of components. The estimated measures is the time distribution
of a total system downtime. The application of this model is only limited to
the final phase of equipment development.

Another illustration of time-synthesis methods is the FEC model--procedure
IT in MIL-HDBK-472. Although the FEC model follows similar basic synthesis
principles, there are several major differences between the FEC model and the
ARINC model. One is that the estimated maintenance time here is taken as the
sum of average times associated with maintenance task elements. Another
difference is that the FEC model includes more design features and personnel
requirements. The FEC model assumes that a maintenance task time is
determined by the level at which maintenance functions are performed and
diagnostic and repair methods are used to locate and correct failures of each
part. The other difference is that the FEC model can also be applied to
estimate preventive maintenance time.

There are several objections to time-synthesis methods. The synthesis
principle does not always hold. It is only applicable to those maintenance
tasks which are composed of a series of simple, discrete actions performed in
a fixed sequence. In the real world, however, maintainers do not necessarily
perform maintenance task components in a predefined sequence. Rather, they
may perform some activities such as troubleshooting actions in real time.
Furthermore, information and sensorimotor feedback resulting from a preceding
activity tends to affect either the occurrence or the performance of the
following activity in a way such that the organization of motor patterns of a
maintenance action is changed or an alternative strategy is adopted.

Secondly, it is doubtful that the data interpretations associated with these
two models can be extrapolated to future systems. Although both models assume
the generalizability of data obtained from one type of electronic equipment to
other, similar types, the extent of data applicability depends on the
dimensions (e.g., equipment functions, maintenance concepts, or system design,
etc.) by which the systens are judged to be similar. Thirdly, both the FEC
and ARINC models are rather insensitive to the effects of design variables on
maintenance performance. One problem is that the design variables dealt with
in these models are limited to just a few of the physical characteristics of a
component or a complete system. In applying human-machine interface design
principles, the models ignore the psychological attributes underlying various
physical characteristics. In other words, the models fail to specify how
these physical characteristics impose excessive stress on maintainers. For
example, does the large number of replaceable components, which is dealt with
in the ARINC model, specify the high degree of complexity of a maintenance
task or other psychological factors? In fact, physical characteristics have a
more profound effect on maintenance performance than the models assume.

Unless these psychalogical variables which underlie physical characteristics
are known, it is very difficult to predict maintenance performance from
physical characteristics. A second major problem within the models is that
the dependent measures estimated are contaminated criteria of

maintainability. That is, a high system downtime or mean-active-maintenance
time is a combined index of poor reliability as well as poor maintainability.
Since poor design presumably exerts its major effect on maintenance time,
these two specific time measures are not, in their present form, appropriate
indicators of the effects of poor design on maintenance. Thus, the time
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measures in these models do not provide designers with information concerning
how to improve maintenance performance.

Correlational Methods

In the RCA model, procedure III in MIL-HDBK-472, it is postulated that the
duration of system downtime is a function of such system design parameters as
equipment configuration characteristics, support facilities, and personnel
requirements. Therefore, system downtime can be estimated by inserting scores
obtained from three design-related checklists into a linear regression
equation. Moreover, the evaluation of these checklists is dependent upon the
results of a step-by-step maintenance task analysis.

Although portions of the RCA prediction procedure can be used to evaluate
the relative maintainability of alternative designs, this model does not allow
design engineers to perform trade-offs between various design variables
because the relative importance of all the design features in the checklist
are assumed to be equal. Another problem in this model is related to the
generalizability of the regression equation from one equipment to another.

The same regression equation has been employed to predict maintainability of
different equipment types. However, validity studies need to be performed
across different types of equipment in order to assure this generalizability.
The third problem concerns the subjectivity involved in checklist evaluation.
The validity of checklist evaluation relies both on the availability of
detailed information concerning design features, and on the knowledge of the
scoring technique and engineering principles an evaluator has. Therefore, the
prediction technique is doomed to fail if an appropriate maintenance analysis
is not performed or training in engineering and psychometric principles is not
available to an evaluator.

To remedy the foregoing weaknesses of the RCA model, a series of
correlational studies were later done by Lintz and his collegues (Lintz, Loy,
Rrock, & Potempa, 1973; Lintz, Loy, Hopper, & Potempa, 1973; Potempa, Lintz &
Luckew, 1975). One of the goals of their studies was to demonstrate that the
multiple regression approach can be a viable method for serving as an
objective estimation of maintenance performance from design characteristics.
In order to investigate the impact of design features extensively and to
establish a comprehensive data base, an inclusive 1ist of design features was
generated from a wide range of avionics equipments and 22 design variables
were later selected on the basis of the ratings of their relative importance.
Factor analyses and correlational analyses were conducted to evaluate the
relationships between design features and maintenance time, and errors on
checkout procedures of ten avionics equipments. Prediction equations were
thus derived. With regard to organizational level maintenance performance,
the findings showed that performance time can be predicted from a combination
of design features such as the number of controls and displays, the
reliability of test equipment, and the percentage of checkout to lowest
1ine-replaceable-units (LRUs). The probability of committing a maintenance
error can be predicted from another set of design features such as the
accessibility of components, the percentage of plug-in-circuits, the
percentage of connectors which can be incorrectly connected, the number of
special conditions required for checkout, complexity of test equipment
operation, and percentage of checkout to lowest LRUs.
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The high correlations between design features and maintenance performance
found in these studies suggest that the multiple regression approach can be a
powerful method for predicting maintenance performance from an evaluation of
design features. Moreover, these findings constitute a valuable source of
hypotheses for further research. Investigators should be aware, however, of
several weaknesses inherent in multiple regression analysis. One weakness is
that a regression analysis only tells design engineers what design features
affect maintenance performance. Questions as to how design features influence
naintenance performance still remain unanswered. Therefore, the regression
method does not lead directly to firm design specifications. The second
weakness of multiple regression is that the reliability of regression weights
decreases when a large sample size is not available and the number of
independent variables is relatively large. Even though some attempts have
been made to reduce the number of independent variables by performing a factor
analysis beforehand, it is very difficult for design engineers to use those
"factors," derived from the factor analysis, as guidelines in designing
equipment. Another weakness of multiple regression is that it is very
difficult to determine the relative contributions of various independent
variables when those independent variables are intercorrelated.

Unfortunately, that is the case in maintainability research. For example, one
can expect a correlation between the accessibility of components and the
conmplexity of maintenance procedures. Without knowing the relative merits of
various design variables, it would be difficult to construct a model which
yields data for design decisions. It has been shown that correlational
methods have certain weaknesses and it will take some work to improve them
hefore they will be ideally suited to our needs. In the meantime, one of the
najor emphases will be to define the design variables quantitatively in
psychometric terms and in terms useful to the engineer.

Laboratory Experiments

While time-synthesis methods and correlational methods have shown some
success in predicting maintainability of a design choice, these methods do not
provide design engineers with information as to how to reduce maintenance
workload by way of equipment design and further, what an alternative design
might be. This deficiency results from a lack of knowledge of the processes
or nechanisns through which design factors make an influence. Recently,
investigators began to address this issue through controlled experiments in
Taboratory settings.

In a laboratory experiment, a maintenance task is broken down into several
behavioral components and processes, i.e., psychomotor, conceptual, and
perceptual. An experiment is then designed to investigate the impact of
design factors on one piece of the behavioral components or processes. Quite
often, the removal and installation processes are examined in a psychomotor
skill domain. The troubleshooting and checkout processes are treated as
cognitive processes; some times as a problem solving process, other times as a
perceptual process.

Recent studies have concentrated on investigation of troubleshooting
processes and the development of optimal troubleshooting strategies because
troubleshooting consumes the majority of maintenance time. A family of
troubleshonting strategies has been devised. The effectiveness of these
strategies will be examined across different equiprnient designs.
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The major deficiency of laboratory experiments is the generalizability of
laboratory findings to the real world and the lack of their acceptance by
field maintainers. As Christensen and Howard (1981) pointed out, none of the
laboratory-derived troubleshooting strategies has been adopted by
maintainers. One problem of laboratory experiments is that the environmental
fidelity is often ignored. In a laboratory setting, environmental variables
are often controlled. However, one can expect that there is an interaction,
which is very important, between design variables and environmental
variables. From our interviews with NAMTRADET instructors, it was found that
red color-coding is ineffective for organizational level maintenance
performance because red lighting is used on the hanger deck of a carrier.
Another finding is that 1imited workspace on a carrier tends to change the
maintenance task structure. If investigators ignore these interactions in the

working environment, the laboratory findings may be nullified or even reversed.

The second problem with laboratory experiments is related to the
measurement and definition of design variables. Rigney (1977) complained that
"many of the design variables have not been suitably identified and many
others have not been measured in an appropriate way" (Goldman & Slattery,
1977, pp. 254). With regard to the measurement of design variables, if the
accessibility of the components is defined as the number of steps needed to
reach the components, then the definition assumes that the distance between
every two steps is equal, as in an equal interval scale. However, we know
that this assumption may not hold true in the real world. Let us take the
removal of an F-14 Sensing Element #1 as an example. In rewoving Sensing
Element #1, the overwing fairing needs to be removed so that the sensing
element can be accessed. If we define the accessibility of the sensing
element as the number of steps taken in reroving the overwing fairing, then we
assume that the step of loosening two aft screws, and one step in removing the
overwing fairing, is equal to the step of removing eight screws. These two
steps, of course, cannot be regarded as equal. On the other hand, if the
nunber of steps is measured on an ordinal scale, a two-step action is not
always Tess than another three-step action. Another point is that some design
variables may need to be defined from the viewpoint of the human-machine
interface. On the issue of the complexity of design, Rouse and Rouse (1979)
proposed that the definition of comp1ex1fy. within the context of
troubleshooting tasks, should deal with how much maintainers understand the
concepts of problem and solutions strategy, as well as properties of the
problem itself. They tested the validity of four measures of complexity: (1)
one based on the number of components in the system, (2) one based on
computational complexity, (3) one based on the number of relevant
relationships, (4) one based on information theory. It was found that the
last two measures are good predictors o7 troubleshooting performance (i.e.,
troubleshooting time). Therefore, they concluded that psychological
perspectives should be incorporated into the definition and measurement of
complexity. In this regard, a factor analysis and nultidimensional scaling

may be a viable method for identifying and developing design variable measures.

Furthermore, a third problem related to laboratory research is performance
measures. In developing performance measures, several should be taken into
account. First, performance measures employed in a laboratory experiment must
be related to system criteria. At least, the relationship between maintenance
performance measures used in a laboratory setting and system effectiveness
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criteria should be established. Thus, the laboratory data can be transformed i
into the system engineering domain and accepted by engineers. Secondly, the g&k
interrelationships among performance measures should be examined. If two Bt
performance measures are independent of each other, this implies that we are b

dealing with two different processes rather than one. In the Potempa et al. -
study (1975), different sets of design features were found to be related to oy
maintenance time, and errors, respectively. This finding may indicate that }Jf
the process of producing maintenance time is different from that of he
maintenance errors. Therefore, one should be cautious in generalizing the 0
data fron one study to another. One way to avoid this problem is to employ a 2ol
multivariate analysis in dealing with several discernible aspects of -
maintenance performance at the same time. In this way, maintenance ¢;$‘
performance can be investigated as a whole contruct rather than a construct TfA
torn into pieces. Finally, the measurement of maintenance performance must be k3,

developed in a way that will reflect the impact of design on maintainers' f;&

capabilities and their linitations. A task analysis may assist in the

development of performance measures, especially in defining and classifying .
maintenance errors. The requirements and procedures of maintenance task g
analyses, however, need to be specified.

From the discussion of problems with laboratory experiments, some ;ﬁ‘
improvements need to be made in relating laboratory data to field data. The et
first step of this job will be to observe and analyze how maintainers perforn I.I
in a field setting to aid in identifying realistic experimental variables and AR
in developing a maintenance performance measurement scheme. Unless the Qﬁa
important potential independent variables are suitably identified, it is not kﬁ;‘
possible to investigate design effects on maintenance performance in a Rt
well-controlled laboratory setting. i

Discussion and Conclusion

In the preceding discussion of current approaches to maintainability
research, one can see that there is a need to develop a procedure which will
enable us to identify current maintenance problems and improve maintainability
of future equipment. In the identification of current maintenance problems
and the derivation of solutions to these problems, a procedure is proposed.
This procedure (1) includes 3-M data analysis, (2) discusses high
maintenance-man-hour systems with maintenance personnel, (3) conducts a
maintenance task analysis, (4) performs field observations, and (5) documents
problems and develops recommendations for change. Review of 3-M data yields
sone indication as to which maintenance tasks should be looked at. Having
deternined candidate maintenance tasks, structured interviews with maintenance
personnel can shed some 1ight on the characteristics and locus of maintenance
problems in a particular maintenance task and provide an important data source
of design deficiencies. A maintenance task analysis further gives information
concerning characteristics of basic parameters of maintenance performance and
critical design variables. Moreover, field observations yield data to compare
field naintenance performance with the maintenance task structure. These
observations together with structured interviews, in turn, provide some
insight into design rules for the particular equipment and/or component.

For the improvement of the maintainability of future equipment, design
tonls (i.e., design guidelines and a simulation model) which can be used in
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e the early design phase, need to be developed. The first step in developing
Fo, these design tools will be the establishment of a maintenance performance data
20 base. The data base will comprise two types of empirical data. One type will

= A

ik contain data on the extent to which critical design variables affect
maintenance performance in a particular system, which in turn affect system
effectiveness. The other will contain information on how a design factor a
0 interacts with other factors and how we may characterize this interactive LA
;i; effect so that a matrix of favorable design factors and design guidelines can
b then be derived. Therefore, the construction of such a data base will require 3
Doy a series of parametric experimentations. Before the construction of this data |
_ base, however, more precise and sensitive measurements of maintenance -
4 performance, as well as design variables, must be developed. In this vein, a .
b task analysis can contribute greatly to the development of maintenance "
0 performance measurement. First, a task analysis can be used as a vehicle to 2
t{ identify specific behavioral components which should be examined. Secondly, a
>4 task analysis would shed some 1ight on characteristics of basic parameters of i
maintenance performance and their relationships to system effectiveness. i
oy Therefore, it can provide a basis for relating field data to laboratory data.
}{j With respect to the measurement of design variables, psychological dimensions -
N underlying physical characteristics should be identified. In this light, o
4 factor-analytic methods and multidimensional scaling procedures can help in *2
=Y determining a set of psychological factors that underlie physical layouts. In
- order to assure the generalizability of the data base, a functional taxonomy 7]
of maintenance tasks in various types of equipment should be examined. The s
functional taxonomy will document commonalities and dissimilarities in
o essential skills and knowledge required to maintain different equipment. This K
3 information will then enable design engineers to decide the extent to which fg
. the data may be applied to their system, viz., its generalizability. i
e Finally, it must be remembered that when we have developed !!
N design-for-maintainers methodologies, design engineers are 1ikely not to adopt B
~é§ our recormendations if information documented in the maintenance performance
- data base is too massive to be handled by design engineers or if the process e
M, of applying maintainability data and design principles is too complicated. &
Thus, we must also consider design-for-designers. We must develop ways to
F~ reduce designers' workload. That is, we need to develop a decision aid for 3
AR design engineers to incorporate maintainability data and design guidelines )
AN into their design. The decision aid could be a computer "expert system" ¥
$: derived from artificial intelligence principles. The expert system, together .
W with a maintenance performance simulation model, could act as an intelligent :3
‘ assistant, providing advice and exercising trade-offs in the design process. -
G By interacting with the machine "expert," design engineers could achieve a
i design solution which would optimize both the reliability and maintainability o=
- of a weapon system. e
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Suitability of Data Provided by Maintenance
Management Systems for Validating Training

Joseph String
Jesse Orlansky

Institute for Defense Analyses
Alexandria, Virginia

PurEose

This paper assesses the possibility of using data generated by the
maintenance management systems to evaluate the effectiveness of alternative
methods of training military maintenance personnel.

Background

Costs of training maintenance skills comprise a significant portion of the
$3 billion spent each year for technical training at military schools and can
be expected to increase with increases in the complexity of weapon systems.

On the other hand, the potential costs of "inadequate" maintenance, in terms
of increased operating costs and reduced operational capabilities, may be
considerably greater than the costs of providing more extensive and nore
effective maintenance training.

The effectiveness of training is measured currently mainly by student
achievement at school. Occasional surveys, where supervisors rate the job
performance of recent trainees, can only provide subjective, rather than
objective data; moreover, such surveys generally provide data only on limited
rather than on systematic samples of trainees. However, the true
effectiveness of training lies in the performance of personnel on the job,
rather than at school, and the comparative effectiveness of different amounts
and methods of training should be measured by comparing on-the-job
performances of personnel trained in different ways.

Correlations between school achievement and on-the-job performance of
maintenance personnel have not been established, and the development and
operation of a data system for this purpose would be a costly undertaking.
However, the military services currently employ extensive systems for the
day-to-day management of their maintenance operations, and these systems
generate extensive historical data. If these data could be used to shed light
on the performance of either maintenance organizations or the individuals
assigned to them, they might also provide information that would be helpful in
determining the effectiveness of alternative methods of maintenance training.
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Sources of Maintenance Performance Data

The military services operate five maintenance management systems; these
are identified, together with their short titles, in Table 1. Taken together,
these systems encompass organizational and intermediate maintenance of all
military aircraft, all Army and Air Force ground equipment (including
missiles), and all Navy ships and shipboard equipment (except nuclear
missiles). The Air Force 66-1 and 66-5 systems employ the same reporting
formats and codes; only the Tactical Air Forces use the 66-5 system while all
other Air Force organizations use the 66-1 system.

We should not be surprised to find that none of these systems, at least in
its present form, provides a suitable vehicle for assessing the effectiveness
of training. The reasons for this conclusion lie in two different, but
related, considerations. The first encompasses rather severe restrictions on
the way maintenance must be documented in order to translate the data into
measures of training effectiveness. The second concerns ways in which certain
characteristics of current military operations, maintenance practices, and
equipment may interfere with attempts to assess training effectiveness. It
should be noted, however, that these systems were designed to manage
maintenance operations and were not meant to be used to evaluate the
effectiveness of training or other aspects of human performance.

Table 1

Maintenance Management Data Systems Used by the Military Services

Maintenance Management Systen

Service ~ Name Short Title

Army The Army Mainfenance Management System TAMMS

Navy Naval Ships' Maintenance and Material Ships' 3-M
Management System

Navy Naval Aviation Maintenance and Aviation 3-M
Material Management System

Air Force Air Force Maintenance Management 66-1 and 66-5
Systems

Characteristics of Data Needed to Assess Training

The effectiveness of alternative methods of training maintenance personnel
can be evaluated by comparing how well personnel trained two different ways
maintain the same types of equipment in the field. However, we 