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ABSTRACT 

The study is introduced by reviewing previous attempts to quantify and predict 
systems maintainability. A theoretical formulation is outlined which treats the 

vaHance™emLTl Pll!dicti0n of systera maintainability as a "components-of- 
variance model. The sources of variance are identified as: inter and intra man 
(personnel and social variables); machine (weight, volume, reliability, etc ) 

raseTf^hTforT/r"30*10":(hUman en9ineerin9 desi9n criteria). A restated 
K1,a WaS investl9ated empirically in an attempt to predict 

Hoi lAT Ú 7 °f a SamPle °f Air F°rce e9ulPn'ent from a questionnaire evalua- 
n of the human engineering design features. The questionnaire contained 114 

lems concerning "desirable" human engineering maintainability design features 
Ninety maintenance technicians completed the questionnaire on 90 subassembîie's 
of three major weapon systems (B-S2, GAM-77 and KC-135). Criterion data were 

r °Ped fr°m AFM 6®_1 Maintenance Data Reporting System. Questionnaire 
responses, factor-analyzed by the Wherry-Winer Method, yielded eight orthogonal 
(independent) maintainability design factors. On the basis of the obtained fanor 

ngs seven of the original eight factors were selected as the most potent pre¬ 
dictors. Several regression analyses were performed using different assumptions 

bZrcõemciene,s7HnteÍty.0f a"d ^stionLlrsca^e l- 
ety# Coefficients of determination ranged from .27 to .47 depending on the 

assumptions made. Generally It was found that predictive efficiency increased 

homogeTeous'lets7/3“6'"2 Whe" eC,uipment was ^smeà ,o make more 

iii 



TABLE OF CONTENTS 

Section Page 

I. INTRODUCTION . 1 

II. PROCEDURE. 8 

III. RESULTS AND DISCUSSION.21 

IV. CONCLUSIONS.  52 

APPENDICES 

I. MAINTAINABILITY QUESTIONNAIRE.55 

II. INSTRUCTIONS FOR USE FOR WHERRY-WINER PROGRAM.69 

IK. ITEM TO CATEGORY INTERCORRELATIONS (ruJ.71 

IV. DISCRIMINATION INDICES.75 

V. ACTUAL VS. PREDICTED MEAN MAINTENANCE ACTION TIMES 
IN LOG HOURS.76 

REFERENCES.78 

iv 



LIST OF ILLUSTRATIONS 

F1«ure Page 

1. Distribution of Questionnaire Overall Scores ¿2 

2. Distribution of On-Equipment X Maintenance 
Action Times.   23 

3« Distribution of On-Equipment X Maintenance 
Action Log Times. 24 

V 



LIST OF TABLES 

Table Page 

I. Weapons Systems by Strategic Air Command 
Organization . o 

II. B-52 Equipment Items. IQ 

III. GAM-77 Equipment Items. I3 

IV. KC-I35 Equipment Items. 

7. Guessed Subtests (Questionnaire Items) . 20 

VI. Intercorrelations Between Guessed Subtests . 25 

VII. Wherry-Doolittle Linear Dependency Check . 26 

VIII. Wherry-Doolittle Z Table - Linear Dependency Check . 27 

IX. Oblique Factor Loadings. 27 

X. Wherry-Doolittle with Horizontal Extension . 28 

XI. Transformation Matrix. 29 

XII. Rotated Factor Matrix (Factor Loadings). 30 

XIII. Predictor Factor Items ... . ........ 47 

XIV. Predictor Factor Validities. 49 

XV. Item to Category Intercorrelations (rik) . 7I 

XVI. Discrimination Indices .. 75 

XVII. Actual Vs. Predicted Mean Maintenance Action Times in 
Log Hours.. 76 

vi 



SECTION I 

INTRODUCTION 

SYSTEMS HUMAN ENGINEERING MEASUREMENT AND PREDICTION 

Briggs (ref 2) defines a system as "an assemblage of components (both man and 
machine) each vvith assigned functions, intercoupled so as to obtain a particular 
goal or goals." Systematic treatment of systems human engineering requires a 
conceptual model within which it is possible to broach such questions of system 
measurement and prediction as: Do human engineering design principles which 
have been developed as a result of laboratory research using nonoperational per¬ 
sonnel as subjects in a well controlled laboratory environment investigating one, 
two or at best three independent variables at j time, provide useful data for pre¬ 
dicting system performance as measured by some overall system criterion’ That 
is does man-machine performance variance, as influenced by incorporating or 
failing to incorporate human engineering design features into weapon system de¬ 
sign, account for a significant portion of the variance of an overall system criterion? 

Besides human engineering design (man-machine interactive variance), there are 
wo major contributors to overall systems criterion variance; namely (1) inter and 

m ra uman variation such as individual differences and variations in aptitudes and 

acnirv' ^otlvatioI¡' morale' group versus individual performance, strength, sensory 
acuity, etc, and (2) variance in the engineering parametric characteristics and re¬ 
quirements such as weight, volume, speed, reliability, tolerances to stress, etc. 
Iso, as in any measurement system, a certain amount of error variance will remain 

due to sampling error and lack of metric sensitivity. 

Christensen (ref 3) isolates systems criterion definition as one of the major systems 

frc”efP7r° setatesrS‘ Systems-°riented engineering psychologist 

"The ultimate objective of any man-machine system is to achieve some 
desired system output. The effectiveness of any element of the system 
whether machine or man, must finally be judged in terms of the contribu¬ 
tion of the element to the total system output. An obvious design objective 
therefore, is that the elements of the system be designed to make maximum ’ 
positive contribution without compromising other elements." 

In terms of the above cutlined components-of-variance 
machine variations should be conceived of and treated 
major variance contributors. 

conceptual approach, man¬ 
as independent from the other 
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Systems criterion variation can be viewed as both ultimate and proximal. Some 
functional formulations of ultimate systems criteria are as follows:^ 

Eo = (P) • (D) 
where: E0 = Operational Effectiveness 

P = Performance 
D = Dependability 

(1) 

D = R + M (2) 
where: D = Dependability 

R = Reliability 
M = Maintainability 

Em = 

where: E„ = 
M = 
Cm = 

Maintenance Effectiveness 
Maintainability 
Cost of achieving a given maintainability ’evel during 
development and in-field support. 

These formulations are necessarily gross and presently defy precise quantification. 
To date, the additive or multiplicative nature of some of these relationships have 
yet to be defined. However, Air Force management is concerned about defining and 
eventually quantifying these ultimate systems criteria. 

Since ultimate criteria are not presently accessible or perhaps even definable for 
research purposes, systems criteria are necessarily limited to those that are more 
proximal and most readily accessible. Since the purpose of this investigation is 
to examine the contribution of human engineering design (man-machine interactive 
variance) to quantifiable systems criteria, the subdisciplinary technology of main¬ 
tainability has been chosen because of its importance to the Air Force and because 
there are provisions for convenient access to intermediate systems criteria. 

The Air Force currently employs an organizational and field maintenance data 
reporting system (ref 1) to serve as a maintenance management guide for all oper¬ 
ational bases. This reporting system provides a source of proximal systems main¬ 
tainability criteria in the form of mean-time-to-repair, maintenance task times, etc. 

Which of these criteria measures one wishes to attempt to predict depends to a 
large measure on what definition is accepted for systems maintainability. Cooperand 
Rigby (ref 10), for example, report that there are at least twenty-seven definitions 
and measures of maintainability. Most of these definitions either explicitly or 
implicitly include those measures that are currently being reported by operational 

1. Formulations are a result of personal communication with Dr. J. W. Altman 
from American Institute for Research. 
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organizations of the Air Force. Generally, however, it has been agreed that 
maintainability is an aspect of equipment design that makes it possible to 
maintain equipment quicker, with less effort and cost, and with fewer mis¬ 
takes, than would otherwise be possible. This generally agreed upon de¬ 
scription of maintainability affirms that both machine variance (equipment 
design) and human performance variance (task times, effort and accuracy) 
are interactive determinants of systems maintainability. This notion permits 
compatibility with the general systems formulation outlined earlier. 

Maintainability Measurement and Prediction 

The first attempt at quantifying maintainability was performed by Mungerand 
Willis (ref 8) for the Army Signal Corps. The purpose of their study was to 
develop a technique for measuring, during its development cycle, the main¬ 
tainability of electronic equipment. To quote the authors, "A quantitative meas¬ 
ure of maintainability must, therefore, take into account the maintenance design 
features possessed by an equipment and the effect that these features have upon mainte¬ 
nance in the context of normal field maintenance facilities." The procedure resulted 
in a maintainability index which yielded scores in what the authors define as "five 
maintenance consequence areas." Scores were also derived for each of nine intui¬ 
tively developed design factors. 

The Munger and Willis study resulted in a first approximation to a comprehensive, 
objective, and detailed procedure for making a quantitative evaluation of equip¬ 
ment maintainability during its development cycle. The research tools used in 
this approach were systems analyses and applied testing theory, both of which 
have general applicability. However, to again quote the authors, "empirical 
relationships^ between the index and operational effectiveness have not yet been 
established. This indicates that the technique was not predictive in nature 
but merely permitted comparative evaluation of the human engineering maintain¬ 
ability design of different items of equipment. Further, the class of equipment 
on which the procedure was developed was restricted to radio, wire, and such 
miscellaneous equipment as radar, power supplies and test equipment, none of 
w ch was treated as a unified system with overall systems mission requirements 
(systems criteria). 

Retterer et al (ref 9) at Radio Corporation of America (RCA) performed a study to 
develop a procedure to identify, measure, and improve the factors that affect the 
maintainability of electronic equipment. A further objective was to formulate a 
prediction technique for quantitatively specifying, predicting, testing, and 
demonstrating the maintainability of new systems and equipment. 

Early in the program, RCA established the basic hypothesis that maintenance 
time is a function of three major parameters: design, personnel, and support. 
Each contributes to the maintenance time required to restore an equipment to 
satisfactory operating condition. Although these parameters may be intuitively 
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treated as independent, a degree of empirical interdependence exists. The 
major problem, then, was to find a quantitative relationship that expressed 
these parameters in terms of maintenance time. 

After reviewing the requirements for a prediction scheme, the authors believed 
time to be the most appropriate criteria metric to which the parameters could be 
reduced and by which a quantitative maintainability numeric could be expressed. 
The reasons for this selection were that (1) time is universally meaningful, ex¬ 
presses the various aspects of maintenance understood by both operational and 
developmental agencies, and is a measurable quantity; and (2) time is a true 
measure of the influence of maintainability on operation capability. 

Criterion data in the form of maintenance repair times were collected at the part 
level of maintenance by using a stop-watch and recording to the nearest 10th of 
a minute the times required for the performance of each of eight major elements 
for each maintenance task. These elements include (1) assembly and disassembly, 
(2) test and measurement, (3) removal and replacement, (4) check-out, (5) clean¬ 
ing and lubrication, (6) obtaining materials, (7) preparing reports, and (8) con¬ 
tingency items. Predictor data were obtained by applying checklists to the main¬ 
tainability design of the equipment as well as the existing maintenance environ¬ 
ment as it influenced personnel and support factors. These data were recorded 
for each maintenance task. Empirically relating checklist scores to maintenance 
task times, through the use of regression analysis, provided a basis for a pre¬ 
diction formula. 

The study by Retterer et al resulted in a number of useful findings. First, it was 
determined that the checklist scores were normally distributed; however, main¬ 
tenance time was distributed log normally. Hence, all maintenance times were 
normalized through a log transformation. The regression analysis employed re¬ 
sulted in a prediction formula of the form: 

where: 

log Me = 3.54651 - 0.2512A - 0.3055B - 0.0193C 
T 

Mc = Mean Expected Repair Time 
T 

A = Design Features Score 

B = Design Dictates Facilities Score 

C = Design Dictates Skill Score 

The total prediction yielded a multiple correlation coefficient of 0.74. Although 
other intuitively developed prediction factors of personnel and support were also 
used as predictors, they did not account for a significant portion of repair-time 
variance. 
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The design subfactors (A, B, and C) in the prediction formula were not identified 
as human engineering design criteria per se; however, on close examination they 
do represent identification of an interaction component of the structural fo-mulation 
presented previously. This tends to support the hypothesis that the degree of 
inclusion of human engineering design principles in overall systems design ac¬ 
counts for a significant portion of proximal systems criteria variance and, more¬ 
over, that the design predictors are more effective than inter- or intra-human 
variability as shown by the small regressior weight for checklist C in the equa- 

c afer Bensen and Clausen (ref 11) developed a technique to measure the main- 
tainability of existing equipment and to predict maintainability from information 
available during the design phase of development. The criteria chosen for prodic¬ 
ión were maintenance time, efined as the total number of man-hours of direct 

labor expended in unscheduled maintenance action, and maintenance load which 
is partially dependent on equipment reliability. If data on equipment failure rates 
are available maintenance time can be readily converted to a maintenance load 

The investigators developed a procedure in this study for predicting the number 
of man-hours required to carry out an unscheduled maintenance action. This 
procedure involved 23 steps which included (1) identifying and analyzing mal- 
unction symptoms, (2) identifying the suspected malfunctioning component of 

each symptom, (3) determining replacement times, (4) determining the time to 
prepare, test, align, and cleanup each component and the whole system, (5) 
ca culating the mean maintenance time for each symptom and subsystem, and 
(bj calculating the mean maintenance time for the whole system. These times 
were based on standard times for the performance of basic task elements. 

Partial validation of this method of maintenance-time prediction was made by 
using subsystems of the F-106 aircraft on the manufacturer's flight line and com¬ 
paring predicted times and estimated times for the various maintenance tasks. A 
sample of 58 equipment items (components) of the F-106 was chosen to represent 
a wide range of difficulty in the maintenance tasks. 

Lhr! nStÍrnu!d,utÍmeSuf0r 311 taSkS Were obtained from fli<?ht line mechanics most 
ami iar with the jobs. These estimated times were used as maintenance-time- 

prediction criteria. Standard times for the elements of the maintenance replace- 

HhhI ?hkSpW?nec0btflned by tlming Convair Corporation flight line mechanics during the F-106 maintenance operations. 

The predicted maintenance task times for the 58 equipment items were computed by 
summing the standard times for all elements required for each maintenance replace- 

pshLTh Í?VO Vev' The re9resslon of these Predicted replacement times, Y, on 
estimated times, X, was computed and the following regression equation resulted- 
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Y = Q.233+0.4228X 

Solving for X yields 

X = 2.26Y-0.52 

It can be seen from the regression equation that the predicted time, Y, was an 
underestimation of estimated times, X, by experienced flight line mechanics. 
Analysis of variance demonstrated this regression to be significant beyond P = 
.01. The regression accounted for 83% of the sum of squares, thus permitting 
a valid prediction. 

Preparation, test, alignment, and cleanup time steps, like replacement steps, 
were broken down into elements. The elements cover most of the actions, ex¬ 
cept replacement, occurring in maintenance tasks. The standard times for these 
elements were obtained by timing the mechanics. Technical order reference time 
and waiting time were not included, but were estimated by the maintenance ana¬ 
lyst. To predict the preparation, test, alignment, and cleanup element times, 
the task elements to be performed were listed, classified and counted. These 
counts were then multiplied by the appropriate standard times and the products 
summed. This technique was carried out for a sample of 88 procedural steps in 
the maintenance of subsystems of the F-106. The following regression equation 
for these subtasks was: 

Y = 0.023+0.894X 

The previously discussed investigations all suffer from several major deficiencies. 
First, no attempt was made to perform these studies within a theoretical man- 
machine systems framework. Such a framework is necessary if any significant 
achievement is to be made in furthering human engineering design criteria research. 
That is, if no attempt is made to identify underlying system design dimensions 
which are critical in their influence on overall system performance, laboratory re¬ 
search performed to develop human engineering design criteria will suffer from lack 
of significance in application at the systems level. In the past 5 to 8 years con¬ 
certed effort has been devoted to the development of human engineering design cri¬ 
teria guides, most of which were the result of the consolidation of laboratory and 
field research data. Also, considerable energy has been expended on the part of 
various military and civilian research and development agencies to convert these 
data into documentation with official status in terms of being contractually binding 
on prime contractors responsible for the development of weapon and space systems. 
Air Force Mil-Std-803 (ref 6) was developed as such a document, resulting from an 
extensive review and culling of human engineering design principles contained in 
many of the above referenced guides. It thus appears that any systems prediction 
technique should first attempt to isolate systems factors which are comprised of 
these design principles. 
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TABLE Vni 

WHERRY-DOOLITTLE Z TABLE - LINEAR DEPENDENCY CHECK3 

1 2 3 4 5 6 7 8 

z1 1.000 1.000 1.000 

z2 jtek .807 0 

Z3 0 .533 

Z4 — .431 

Z5 — .355 

Z6 — .346 — 

z7 — .347 

Zß — .327 — 

1.000 

.661 

.512 

.440 

.410 

.402 

0 

1.000 

.805 

.636 

.571 

.569 

0 

1.000 

.720 

.601 

.513 

.505 

.¿04 

0 

1.000 

.770 

.592 

.583 

0 

1.000 

.701 

0 

a Subtests selected in the order underlined 

TABLE IX 

OBLIQUE FACTOR LOADINGS 

A3 B, Cg D? EJ Eg 04 H, 

.420 

ST2 .439 

ST3 1.000 

ST4 .582 

ST5 .442 

st6 .529 

ST? .480 

STg .547 

.460 .585 

.628 .674 

.547 .480 

.63O .600 

.549 .446 

.612 .500 

.447 1.000 

1.000 .447 

.559 .535 

.575 .529 

.442 .529 

.561 .612 

1.000 .484 

.484 1.000 

.446 .500 

.549 .612 

.594 .659 

.690 1.000 

.582 .439 

1.000 .690 

.561 .575 

.612 .529 

.600 . 674 

.630 .628 

1.000 

.659 

.420 

.594 

.559 

.535 

.585 

.460 
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Table IX cont3ins the oblique fâctor losdings of subtests on fsctors. Since 
dll of the original guessed subtests were retained, the resulting factor matrix 
is a square. Normally on the basis of the Z table criterion, one or more of the 
subtests would be eliminated and the resulting factor matrix would be rectangular. 

To obtain orthogonal factor structure of all loadings of the 114 variables on the 
8 factors, the oblique subtest loadings must be transformed by computing an 
extended Doolittle (table X' and a transformation matrix (table XI). This trans¬ 
formation matrix is then multiplied against the original variable-subtest centroid 
projections to yield an estimate of orthogonal factor loadings, r^. Or in matrix 

algebra terms: 

ID = T 
where: I is the inverse matrix developed by using the rows (R) of the 

extended Doolittle (table X) as columns of the I matrix. 

D is the diagonal matrix developed by using the square root of 
the leading (A) row entries in the Doolittle as the diagonal entries. 

The oblique factor matrix (table IX) is multiplied by the transformation matrix to 
yield the orthogonal loadings or VT = F. 

where: V is the oblique factor matrix. 

F is the orthogonal factor matrix. 

The resulting r matrix (F) was then rotated through five cycles according to 
Varimax Criterion (ref 5) to produce the final factor structure presented in table XII. 

TABLE XI 

TRANSFORMATION MATRIX 

I II III IV V VI VII VIII 

A5 1.000 -.463 539 -.306 -.133 -.248 -.270 .18? 

1,101 -.350 -.565 -.446 -.290 -.262 -.408 

1.253 -.159 -.412 -.479 -.354 -.471 

1.310 -.082 -.168 -.321 -.543 

I.325 -.072 -.182 -.179 

1.409 -.228 .087 

1.597 -.397 

1.751 
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TABLE XII 

ROTATED FACTOR MATRIX0 

(FACTOR LOADINGS) 

Decimal pointa are omitted 

Questionnaire 
Item No. 

I II III IV V VI VII VIII 

1 

2 

3 

4 

5 

6 

?! 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

27 ¿2* 

41* 21 

18 18 

¿2* 22 

21 ¿1* 

-02 16 

-04 03 

-03 02 

¿8* 04 

22 03 

06 46* 

15 22* 

12 44* 

17 40* 

13 02 

¿i* -06 

17 42* 

42* 06 

26* -13 

£ 09 

06 04 

04 06 

03 62* 

-06 4¿* 
-13 42* 

44* -19 

4¿ -06 

40* 03 

03 05 

08 -20 

03 02 

01 -01 

07 15 

01 04 

-11 14 

-03 14 

09 18 

-00 19* 

-12 18 

07 -07 

01 -21 

05 -23 

09 02 

15 27 

12 17 

25 02 

29 22 

17 03 

17 07 

03 -16 

03 17 

-01 20 

-01 02 

-17 07 

00 14 

-00 13 

16 16 

-03 -03 

-05 04 

19 04 

13 24 

-03 28 

46* 14 

04 62* 

04 24 

19 -08 

26 18 

26 01 

03 -18 

-06 -06 

10 -15 

00 -19 

23 24 

06 05 

06 27 

01 29 

-19 01 

42* 04 

28 03 

05 11 

-12 -12 

-06 09 

-01 23 

14 05 

03 20 

-00 -26 

¿0* 01 

04 10 

12 27 

09 ¿2* 

-06 -11 

10 11 

15 27 

11 ¿2 

17 25 

07 14 

-02 12 

04 00 

60* 12 

07 18 

26 29 

07 06 

29 |Q 

27* 11 

36 48* 

-09 31 

08 27 

17 -07 

-12 -17 

-05 -20 

09* -02 

03 10 
0 

Those loadings that are underlined represent the highest positive loading for 
that questionnaire item (design feature) across all factors. The asterisks iden¬ 
tify those items that were initially guessed to belong to that factor. The final 
predictor-factors were constructed by selecting those items that loaded the 
highest on a given factor. 
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TABLE XU— Continued 

Questionnaire 
Item No. II HI IV V VI VII VIII 

29 

30 

31 

32 

33 

3^ 

35 

36 

37 

38 

39 

40 

41 

42 

43 
44 

45 

46 

4? 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 
60 

61 

62 

63 
64 

65 

66 

67 

17 10 02 

11* -19 -01 

11 20 02 

15 08 27 

16 18 18 

14 13 -09 

07 ¿2* 06 

-04 17 

-08 15* -12 

15 05 25 08 ¿8* 

-02 01 ¿2 07 04 

-11 ¿0* -10 -08 09 

16 17 ¿7* -13 19 

-03 33 ¿6* 02 io 

62 * 04 -02 08 -10 

19 -03 26 0? 09 

27 06 -01 -06 00 

-01 -05 04 ¿6 31 

06 

-09 

-11 

16 

02 

25 

10 

-01 

14 

05 
16 

00 

08 

20 

5it* 

22 

-04 

03 

34 

21 

17 

10 

-12 

06 

-04 

02 

29* 

01 

10 

-00 28* 2? 

-16 -04 -05 

-01 08* 00 

26 20 31 

22* 11 03 

32 11 12 

37 09 11 

03 15 -01 

03 -12 42* 

21* -XX) 03 

35* 16 -04 

04 -05 11 

05 -01 22 

13 -01 19 

-04 09 01 

18 08 00 

28 03 ¿2* 

12 ¿2* 03 

21 22 -03 

17 23 12 

04 12 ¿2* 

¿2* 11 34 

40* -01 -02 

18 09 02 

21 -09 38 

-05 11* 2¿ 

08* -01 07 

33 12 08 

18 04 26* 

11 61* -01 

-02 13 -04 09 

22 25 02 ¿O* 

-11 -06 2¿ 22 

00 42* -11 il 

13 ¿1 -09 01 

46* 10 -18 00 

11 42* -09 -17 

°5 ¿5* -06 06 

03 11 -09 07 

14 15 2¿ 04 

24 04 10 -01 

08 12 05 42* 

23 21 28* 26 

10 19 10 26* 

01 10 -01 -08 

11* 06 -08 -10 

07 17 -01 08 

12 19 -01 05 

12 22* -°4 10 

12* 08 -08 ;:4 

03 10 16 21 

28 03 19 24 

08 -07 11 08 

19 02 00 40* 

07 24 42* 08 

02 -13 13 07 

-03 06 10 26 

-01 11 -13 11 
22 10 02 02 

17 31 19 -01 

31 



TABLE XI!-- Continued 

Questionnaire j XI III IV V VI VII VIII 
Item No. 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

10 15 12 

01 -07 11 

12 09 14 

12 13 -11 

-08 -05 -10 

06 17 10 

11 26* 00 

15 19 10 

11 04 13 

21 04 06 

13 12 -00 

21 -01 ¿2* 

03 -17 -01 

-10 09 14 

-06 03 -01 

-07 4¿* 01 

21 19 10 

-20 04 00 

20 05 48* 

18 -03 19 

-05 18 04 

-14 -06 -03 

04 05 16 

17 17 22* 

05 ¿2 03 

06 24 36 

-08 22* 02 

01 06 07 

-07 -05 05 
05 -04 04 

17 13 

24 60* 

37* -06 

15 09 

15 -01 

02 19 

24 -01 

-19 44* 

12 27 

19 33 

¿6* 14 

07 28 

25 25* 

13 27 

22* -04 

16 24 

17 15 

-00 14 

-00 25 

-03 16 

14 12 

42* 37 

03 2à* 
-04 21 

25* -04 

-02 15 

13 02 

20 05 

-05 19 

-04 08 

22* 06 -io 

17 11 15 

07 12 22. 
22* !3 08 

21 13 31* 

-07 07 22* 
22 13 22 
01 -01 25 

20 4¿* 16 

¿6 26* 01 

30 -10 13 

12 12 22 

03 21 22. 

03 08 42* 

19 16 38 

19 08 23 

23 08 40* 

22 ¿6* 33 

10 29 11 

¿O* 19 15 

4£ 27* 01 

16 05 06 

08 11 -03 

25 14 -03 

28 01 18 

-06 2§ 15* 

19 02 14 

24 23* 16 

20 22* 23 

62* 05 -00 
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TABLE Xn— Continued 

Questionnaire j jj jjj jy V 
Item No. 
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99 
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104 

105 
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108 

109 

110 
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112 

115 

114 

17 25 

-03 08 

04 00 

01 20 

10 ¿O* 
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31 02 
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23 02 
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12 14 

-16 16 
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01 25 01 
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10 15 25 

18 07 14 
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09 

13 
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-16 

04 

-02 

21 

2* 

02 

23 

08 

Z 

07 

07 
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04 

-03 

09 

16 

05 

10 

12 

¿2* 

01 

02 

-02 

14 

22 

22 

09 

20 

26 

VIII 

16 

21* 
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29* 

08 

¿1 
24 

08 

18 
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21 

44* 

-08 

05 
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Factor I was originally guessed subtest No. 3 and retained its same basic iden¬ 
tity as Maintenance Safety. Items 20, 27, 53 , and 64 were added to this factor 
by virtue of their relatively high loadings. Items 19, 30, and 65 were eliminated 
from Factor I and rotated onto other factors. The following items, in order of the 
magnitude of their loadings, now constitute Factor I: 

Loading 

.54 

47 

.44 

.43 

.41 

.40 

.38 

Item No, 

Are there any cables attached to the front of 52 
cabinets where they could be "bumped" by 
passing equipment or personnel? 

Do units in excess of 45 pounds but less than 18 
90 pounds have provision for two-man lift where 
lifting height is not in excess of 5 feet? 

26 Are there any equipment units presumably de¬ 
signed for one-man manipulation that are too 
large or too heavy to be conveniently lifted, 
carried, pulled, pushed or manually turned? 

Are components so arranged in a given com- 27 
partment that one type of specialist must wait 
for another type of specialist to remove his part 
before the first technician can get to his part ? 

Do access doors to high voltage areas have 2 
provisions for automatically shutting off power 
(safety interlocks on door etc) ? 

Are there any lines routed such that the fail- 28 
ure to securely clamp them in place would 
allow the lines to droop and be struck by mov¬ 
ing parts ? 

Are all access covers that are not completely 9 
removable, self-supporting in the open position? 
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Loading Item No. 

.33 Are cables or lines attached to units that 16 
can be partially removed (chassis on slide 
racks), attached so the unit can be replaced 
conveniently without damaging the cable or 
interfering with the securing of the unit? 

.32 Are controls and displays that are used for 20 
maintenance or calibration only and that are 
not necessary to actual operation, kept dis¬ 
tinct from operation controls ? 

.32 Are cables routed so they cannot be pinched 4 
by doors, lids, etc and so they will not be 
stepped on or used as hand holds? 

•31 Do labels identifying control handles appear 64 
on the handle as well as the panel since the 
panel may be removed during maintenance? 

.26 Are access openings free of sharp edges or 104 
projections that constitute a safety hazard? 

.22 Where screwdriver adjustments must be made 53 
blind, are either mechanical guides provided 
or the screws mounted so that the screwdriver 
will not fall out of line ? 

Factor II, initially identified as guessed subtest No. 1, emerged as Mainte- 
nance Information and principally contains high loading items concerned with 
the design of prime and support equipment informational display features, ie, 
labeling, coding, and quantitative and qualitative display systems. Although 
item 92 has the highest loading on Factor II and has been so assigned, it also 
loads almost as high on two other factors. This is the only item which Factor II 
gained. Items 37, 42, 47, 64, 74, and 103 were initially classified as belong¬ 
ing to this subtest but now have their highest loadings on other factors. The 
following items now constitute Factor II: 

Loading Item No. 

.63 Do display labels provide full identifying 23 
information ? 
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Loading 

.53 

.52 

.52 

.47 

.46 

.45 

.45 

.44 

.43 

.40 

.40 

.39 

Do display labels appear on every item 
that you must recognize, read or manipulate? 

Do display and control labels clearly indi¬ 
cate their functional relationship? Displays 
should be labeled by functional quantity 
rather than operational characteristics (ie, 
gal. , psi, ohms , etc). 

Are access points individually labeled? 

Are the functions of each control clearly 
labeled ? 

Are display labels imprinted, embossed, or 
attached so that they will not be lost, muti¬ 
lated, or become otherwise unreadable? 

Are displays and controls labeled to corre¬ 
spond to notations found in system diagrams 
in T.O. 's etc ? 

Does (do) access(s) have labels indicating 
what auxiliary equipment is needed for 
service, checking, etc, at this point? 

Does (do) the access(s) have labels that 
tell what can be reached through this point? 

Are appropriate labels used for each test 
point ? 

Are parts that require access from two or 
more openings properly marked to indicate 
this requirement ? 

Do access covers have permanent part 
numbers marked on the cover ? 

On component covers, are there display 
labels that provide relevant information 
concerning electrical, pneumatic, or 
hydraulic characteristics of the part? 

Item No. 

59 

35 

1 

17 

11 

24 
i 

25 

13 

83 

14 

60 

94 
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Loading 

Are all potted parts labeled with current, 
voltage, impedance, terminal information, 
etc ? 

Item No. 

.35 48 

.31 Are displays and their associated controls 5 
clearly labeled to show their relationship? 

.30 Are color codes or other symbolic coding 36 
schemes used for identifying test points 
or tracing wire or lines easily identifiable 
under all illumination conditions ? 

.30 Are electrical terminals clearly marked 102 
+ or - ? 

.29 Are U-lugs rather than O-lugs used for 92 
clamping ? 

.27 Do display labels for each termination 12 
have the same code symbol as the wire 
or line attached to it? 

Factor III, originally subtest number 8 which contained unassigned miscella¬ 
neous items now is identified as Handling for Removal and Replacement. Only 
six of the original ten items were acquired. To make this Factor a reliable 
predictor, would probably require additional items, and, in turn, a sampling 
of the new item field. No new items were added and items 40, 63, 106, and 
112 now load on other factors. The following items now make up Factor III: 

Loading Item No. 

.61 Are handles and grasp areas so located that 67 
at least 2 inches of clearance from obstruc¬ 
tions is provided for handling? 

.59 Are units designed to be removed and 55 
replaced provided with handles or other 
suitable provisions for grasping, handling 
and carrying? 

.53 Are handles and grasp areas located so that 91 
at least 2 inches of clearance from obstruc¬ 
tions is provided for handling? 
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Loading 

Are cables routed so they need not be 
bent or unbent sharply when being 
connected or disconnected? 

Item No. 

.48 86 

.28 In your judgment was the equipment 38 
designed to consider all environmental 
conditions (cold weather, darkness, etc) 
under which it was to be maintained? 

.33 For removal units which have irregular, 79 
fragile, or awkward extension, such as 
cables, wave guides, hoses, etc; are 
these extensions easily removable before 
the unit is handled ? 

Factor IV was identified as Fasteners and Tools and was originally guessed 
subtest No. 7. Items 63 and 106 were acquired by this factor which also load 
highly on other factors. Items 10, 70, and 92 now load on other factors. The 
following items now comprise Factor IV: 

Loading Item No. 

.62 Are fasteners standardized to minimize 34 
the number of tools required ? 

.59 Are access cover fasteners of the 58 
captive type? 

.56 Are mounting bolts semipermanently 78 
captive (preferably with snap on collars) ? 

.53 Are finger operated fasteners used 82 
wherever feasible? 

.47 Are identical screw and bolt heads used 89 
to enable various panels and components to 
be removed and installed with one type of 
tool ? 

.42 Are tool operated screws, of the type that 46 
can be operated by several tools (screw¬ 
driver, wrench, or pliers)? 
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Secondly, previous research has been limited to predicting maintainability 
for certain restricted classes of equipment. Mungerand Willis (ref 8) used only 
ground equipment in their sample. Retterer et al (ref 9) United their equip¬ 
ment to ground electronic systems, and Schafer, Benson and Clausen (ref 11) 
only sampled maintenance tasks on the F-106. No single study sampled 
equipment across several different weapon systems. Since different design 
approaches are used in packaging, environmental conditioning, etc, based 
upon the operational employment of the equipment, sampling must be across 
different classes of equipment. Narrow sampling of equipment is restrictive 
in the degree of generalization that can be made of any predictive scheme. 

Thirdly, none of the studies used criterion data currently being collected as a 
matter of course for management or research and development purposes. To 
develop a practical procedure for government in-house application, the tech¬ 
nique must utilize the criterion data currently available. With the exception 
of the Munger and Willis approach, past techniques required the use of maintenance 
task demonstrations and the directly observed task time associated with those 
demonstrations as their criterion. Because the crucial period in the development 
process for making design decisions regarding modifications in the equipment 
to enhance maintainability is before fabrication has started, the prediction meth¬ 
od must utilize preliminary design data. 

The following sections describe a combined factor analytic-multiple correlation 
analysis technique for predicting man-machine performance variance at the sys¬ 
tems criteria level for maintenance operations. This investigation presumes to 
overcome most of the major inadequacies in previous research as outlined above. 
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SECTION II 

PROCEDURE 

PREDICTOR INSTRUMENT DEVELOPMENT AND ADMINISTRATION 

The first step in this study was to review all existing human engineering 
maintainability design criteria published in official documentation and re¬ 
search publications. From these sources, specific questionnaire items 
were developed, each item reflecting a "recommended" human engineering 
design feature. One hundred and seventeen were so selected. 

In an attempt to determine how well each item measured equipment main¬ 
tainability the preliminary questionnaire was administered to a maintenance 
group at Bunker Hill Air Force Base, which had the responsibility for organ¬ 
izational maintenance of the B-58 flight control system. It was believed that 
this system most nearly possessed all classes of subassemblies (eg, elec¬ 
tronic, mechanical, hydraulic, etc), and thereby permitted a fairly represent¬ 
ative sampling of different types of equipment. Eighteen subassemblies 
(equipment items) were evaluated by the questionnaire. Inspection of the raw 
data responses indicated that several questionnaire items were useless in meas¬ 
uring. Thus several of the items were rewritten, certain items were eliminated 
from the questionnaire, and the response alternatives were expanded from 3 to 
5. One hundred and fourteen items were selected for inclusion in the final 
version of the questionnaire. In the revised questionnaire, the five alterna¬ 
tives to all items were these: (1) The feature is clearly a design characteristic 
of the equipment, (2) the feature is reflected in the design of the equipment to 
a great extent, (3) the feature is not applicable to the equipment, (4) the fea¬ 
ture is reflected in the design of the equipment to a small extent, and (5) the 
feature is not possessed by the equipment. The final questionnaire form is 
included as Appendix I. 

To provide sampling of various classes of equipment and to sample different 
maintenance practices and procedures in the field, questionnaires were applied 
to three different weapon systems (B-52, GAM-77 , and KC-135) at two opera¬ 
tional Air Force installations (Strategic Air Command (SAC) Bases at Wright- 
Patterson Air Force Base and Lockbourne Air Force Base). Weapon Systems by 
Air Force Base are listed in Table I. 

Such a sampling procedure is not intended to be completely random nor in any 
sense truly stratified; however, it does partially overcome objections to previ¬ 
ous research outlined in Section I, since it cuts across various equipment 
classes (electrical, mechanical, and hydraulic), weapon system classes (bomb¬ 
er, missile, and tanker), and various maintenance practices. 
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Operational requirements at the SAC bases did not permit briefing each techni¬ 
cian on the proper application of the questionnaire to a given it^m of equipment. 
In lieu of individual briefings, maintenance supervisors were briefed during one 
of their normally scheduled training periods. These supervisors were first given 
a general background on the need and requirements for the research program in 
which they were participating, and then presented specific instructions on how 
to have their technicians complete the questionnaire. Supervisors were requested 
to select technicians under their control who were familiar with certain items of 
equipment. The equipment items were to be identifiable to the subassembly level 
by work-unit code. Each technician was to complete the questionnaire on only 
that subassembly with which he was most familiar. Maintenance actions for both 
on-equipment (on aircraft) and off-equipment (shop) were considered in completing 
the questionnaire and so identified. Tables II through IV list the individual items 
of equipment evaluated by the questionnaire by common name, technical order des¬ 
ignation and associated Air Force Specialty Code (AFSC) of the technician perform¬ 
ing the evaluation. 

This general method was adhered to at both SAC Bases with one exception. To 
obtain an estimate of rater (technician) reliability, ten items of equipment were 
selected for questionnaire evaluation by ten pairs of technicians, each pair eval¬ 
uating the same item of equipment independently. Again, operational exigencies 
precluded utilizing this reliability check for all rater technicians and for all items 
of equipment. 

TABLE I 

WEAPONS SYSTEMS BY STRATEGIC AIR COMMAND ORGANIZATION 

B-52 qam-77 KC-135 
(Bomber) (Missile) (Tanker) 

17th Bomber 17th Bomber 17th Bomber 
Wing, WPAFB, Wing, WPAFB, Wing, WPAPB, 
Ohio Ohio Ohio 

301st Bomber 
Wing, Loekbourne 
AFB, Columbus, 
Ohio 
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TABLE II 

B-52 EQUIPMENT ITEMS 

Name 

Engine Pressure Ratio Transducer 

Fuel Flow Transmitter (Type J-7) 

Altimeter Drive Assembly 

Air Research Air Conditioning Unit 

Converter Liquid Oxygen 

Air Cycling Machine 

Hydraulic Power Pack Assembly 

B-52 Landing Gear System 

Flight Controls (Spoiler and 

Airbrake System) 

Displacement Gyro 

AN/ARC-65 Radio Set 

Evaluator, Fire Control System 

AN/APH-2 

Evaluator Operator 

AN/AWQ-2 

MD-9 Fire Control System 

Technical Order Squadron 

Designation and AFSC 

1 B-52D-2-6 FMS 
422X0 

1 B-52D-2-6 FMS 
422X0 

1 B-52B-2-3 FMS 
421X2 

1 B-52B-2-3 FMS 
1 B-52E-06-41-000 422X2 

1 3-52B-2-3 FMS 
1 B-52E-07-47000 42251 

1 B-52B-2-3 FMS 
1 B-52E-06 41 ACB 42251 

1 B-52B-2-14 FMS 
421X2 

1 B-52B-2-10 FMS 
421X2 

14000 FMS 

1 B-52B-2-11 *+21X2 

1 C-135(K) A-2-9 FMS 
1 B-52D-2-6 422X0 

x2 R2-2ARC 65-2 A&E 
30150 

33D5-12-58-1 A&E 
32350G 

33D5-12-58-11 A&E 
3235OG 

I B52B-2-29 A&E 
II FI-A3A-I2 3235OG 
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TABLE II“- Continued 

Name Technical Order Squadron 

Designation and AFSC 

Bombing/Navigation System 1 B52E-2-26 A&E 
ASB-4A 3217OK 

Bombing/Navigation System 1 B52E-2-26 A&E 

ASB-4A (Advance Capability Radar) 11 B31-3-3-2 32170K 

Bombing/ Navigation System 1 B52E-2-37 A&E 
MADREC AJM14 32150K 

AN/APR-9 Radar Set 12P3-2APR9-12 A&E 

3OI33B 

AN/APR-14 Radar Set 12P3-2APR-14-2 A&E 

3OI533 

AN/ALT-6B Jamming Transmitter 12P3-2ALT 6-42 A&E 

30153B 

AN/ALR-18 Receiver, Counter- 12P3-2ALR 18-2 A&E 

measures 30133B 

AN/ALT-13 Transmitter, Counter- 12P3-2ALT-13 A&E 

measures 30153B 

AN/ALT-16 Transmitter, Counter- 12P3-2ALT-16 A&E 

measures 30153B 

AN/APS 54 Range Radar 12P6-2APS-54 A&E 

30153B 

AN/ALT-15 Transmitter, Counter- 12P3-2ALT-15 A&E 

measures 30153B 

MA-2 (A-14) Auto Pilot 5 A 4-2-3-3 A&E 

3257OZ 

N-l Compass System 5N-1-2-6-1 A&E 

3257OZ 

A J A-l True Heading 5-N-1-2-3-2 A&E 

3257OZ 

MD-1 Auto Astro Compass 5-N-3-2-3-22 A&E 

3257OZ 
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TABLE II— Continued 

Name Technical Order Squadron 

Deeignation and AFSC 

Radio Set 12 R5-2ARN 21-42 A&E 

AN/ARN-21C 3OI7IB 

Radio Receiving Set 12 R5-7ARN-14-12 A&E 

AN/ARN-14 301713 

Radio Receiving Set 12 R5-2ARN-31-2 A&E 

AN/ARN-31 3OI5IB 

Radio Receiving Set 12 R5-2ARN-32-2 A&E 

AN/ARM-32 3OI5IB 

Transponder Set (IFF) 12 P4-2APX-25-2 A&E 

AN/APX-25 3017IB 

Radio Beacon 12 P5-2APN-69-2 A&E 

an/apn-69 30171B 
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TABLE HI 

GAM-77 EQUIPMENT ITEMS 

Name 

Stable Platform 

Motor Generator Drive 

Transmitter 

Combined Systems Run 

GAM 77A Post Flight Inspection 

GAM Periodic Inspection 

Converter-Monitor 

Missile Pylon Simulator 

Astrotracker 

Computer 

KE-900 Package Console 

Missile Handling Trailer 

Under Wing Checkout 

Missile Rigging Fixture 

Technical Order Squadron 
Designation and AFSC 

21-GAM 77-2-7 AMMS 
31553Q 

21-GAM 77-2-5 AMMS 
4437OZ 

21-GAM 77A-2-6 AMMS 

31573¾ 

21-GAM 77A-WS-6-1-SP AMMS 

31553Q 

21-GAM 77-WC-6-I-PO AMMS 
4435OZ 

21-GAM 77-WC-6-1-PE AMMS 
4435OZ 

21 GAM-77-2-4 AMMS 
4435OZ 

1 B-52c-2-35 AMMS 

31553Q 

21 GAM 77-2-7 AMMS 
31553Q 

21 GAM 77-2-7 AMMS 
31573Q 

33X2-3-4-22 AMMS 
31572S 

MDE 3458 AMMS 
4437OZ 

1 B-52C-2-35 AMMS 
31553Q 

MDE 4448-5 AMMS 
4437OZ 
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TABLE III— Continued 

Neune Technical Order Squadron 
Designation and A.FSC 

Carriage & Shackle Assembly 

Fixture Assembly - Package 

Propulsion Checkout Console 

Auto, Checkout Test Console; 

Flight Control and OSS # 2 

Bomber Checkout Console 

C24? Bomber Checkout Console 

Digital Amplifier 

Console, Missile Package 

Auto-narigator Checkout Console 

Turner Programmer 

Helmick F/C Console 

Helmick Amplifier 

Stable Platform 

Flight Control Alignment Console 

Electronic Computer 

44 472-OOOI5 AMMS 

31553S 

MDE 4447-305 AMMS 

31553S 

MDE 4441-27 AMMS 

4437OZ 

MDE 4440-7 AMMS 

31553S 

MDC 4453-305 AMMS 

31553S 

31X2-3-4-32-1 AMMS 

31552S 

1 B-52C-2-35 AMMS 

31X3-Q 

ST. # 4935-768-3262 AMMS 

17575173 

T.O. 21 QAM 77-06-2 AMMS 

3155IQ 

1101-3-6-12 AMMS 

31552S 

31X2-3-4-42 AMMS 

31552S 

1101- 36-12 AMMS 

31552S 

2I-GAM-77-O6-2 AMMS 

1102- 10-2-2-2 3155IQ 

21-0AM-77-06-2 AMMS 

31X2-3-23-1 3155IQ 

1106-3-4-3 AMMS 

3155IQ 
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TABLE in— Continued 

Name 

Air Data & Surface Control Unit 

Radar Altimeter Alignment Test Set 

Power Supply Assembly 

Terrain Computer 

C2-39A-B Computer 

Verdan, Digital Computer 

Platform Amplifier Assembly 

Tie in Converter 

Sensing Irrt. (QAM 72) 

Air Data Unit 

Hydraulic Test Stand 

Technical Order Squadron 

Designation and AFSC 

11G7-2-8-3 AMMS 

3I57IQ 

33D9-42-9-1 AMMS 

3155IQ 

11G9-2-2-3 AMMS 

3I55IQ 

11G1-3-11-3 AMMS 

3I55IQ 

31X2-3-10-1 AMMS 

11Q 2-10-2-2-3 3157IQ 

11G 6-2-2-3 AMMS 

T.O. 21 GAM 77-06-2 31551¾ 

11G 2-10-2-2-2 AMMS 

21 GAM 77-06-2 3157IQ 

1 B52 C-2-35 AMMS 

31553Q 

11G 1-3-6-12 AMMS 

31552S 

21 GAM 77A-2-6 AMMS 

31573Q 

35 M-5-3-6-1 AMMS 

4437OZ 
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TABLE IV 

KC-135 EQUIPMENT ITEMS 

Name Technical Order Squadron 

Designation and AFSC 

Automatic Direction Finder 

AN/ARA-P5 

Inter-Phone 

AN/AIC-10 

AN/ARC-34 Radio Set 

AN/ARC-58 Radio Set 

Compass System J-4 

MC-1 Automatic Pilot System 

Radio Set 
AN/ARN-21C 

Radio Receiving Set 

AN/ARN-14 

Radio Receiver 

AN/ARN-31 

Radio Receiver Set 

AN/APN-32 

Transponder Set (IFF) 

AN/APX-25 

Radar Beacon 

AN/APN-69 

Navigation Compass 

AN/ASN-7 

Radar Set 
AN/APN-81 

12R2-2ARA-25-2 A&E 

3OI5O 

12R2-AIC-10-2 A&E 

3OI5O 

12R2-2ARC-34-2 A&E 

3OI7O 

12R2-2ARC-58-2 A&E 

3OI7O 

5N-1-2-10-2 A&E 
3257OZ 

5N-1-2-22-1 A&E 

3257OZ 

12R5-2ARN-21-42 A&E 

3OI7IB 

12R5-2ARN-14-12 A&E 

3OI7IB 

12R5-2ARN-31-2 A&E 

3OI5IB 

12R5-2ARN-32-2 A&E 

3OI5IB 

12P4-2APX-25-2 A&E 
3OI7IB 

12P5-2APN-69-2 A&E 

3OI7IB 

5N-1-3-4-2 A&E 

3OI7IB 

12P5-2APN-81-2 A&E 

3OI7IB 
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TABLE IV— Continued 

Nane Technical Order 

Designation 

Squadron 

and AFSC 

Radar Altimeter 

SCR 718 

12P5-3SCR 718-22 A&E 

3OI7IB 

Radar Set (Doppler) 

AN/APN-59 

12P5-2APN 59-12 A&E 

3OI7IB 

Systems Criterion Selection 

As was explained in Section I, any man-machine systems level prediction 
requires that the criterion to be predicted vary at the systems level. In 
addition, such criterion data must be proximal in that they are accessible 
through normal reporting media. With these requirements defined it was 
decided to use maintenance data reported through AFM 66-1 (ref 1). These 
data are reported worldwide. Only the last six-month reporting period was 
used for data reduction. Partial reduction and analysts was performed by 
the appropriate Air Material Area (AMA), and reported through the Data Analy¬ 
sis Section of Air Force Logistics Command (AFLC) to the author. Two report 
products were so received: 

a. Off-equipment maintenance (primarily shop maintenance) - Product 
No. AFLC-D056B-2. This product provides information on the maintenance 
actions, man-hours, aborts or mission failure for the past six months as 
each work-unit code (alpha-numeric code identifying equipment to the re¬ 
placeable module level) included in the master record for a complete end- 
piece of equipment (aircraft, GAM, GAR, missile, aerospace ground equip¬ 
ment, trainer or simulator, ground communications—electronic equipment, 
special weapons and special purpose vehicles). 
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Upon receipt of these data from AFLC further data reduction was performed to 
determine their general suitability as a criterion. IBM machine sorts were 
made, summing all maintenance action times across classes of actions (re¬ 
pair, repair and replace, adjust, remove, etc). Since all items of equipment 
evaluated by the questionnaire were classified at the subassembly level, the 
IBM sorts of maintenance action times were made on the basis of the first two 
alphas and the first numere of the five alpha-numerics code. By dividing 
the total time by frequency of failure, the IBM sort permitted determination of 
average shop maintenance task times for the equipment item. Subsequently, 
only sixteen of the original ninety equipment items could be assigned a quan¬ 
titative criterion value in terms of mean-rnaintenance-action times. It was 
decided not to use these data as a criterion, due to the extremely small sample 
size. 

b. On-equipment maintenance (primarily on aircraft or missile maintenance) 
- Product No. AFLC-D056B-3. This product provides six months of data by how- 
malfunctioned and action-taken codes on specific work-unit codes in an endpiece 
of equipment (aircraft, GAM, GAR, missile, aerospace ground equipment, trainer 
or simulator, ground communications—electronic equipment, special weapons 
and special purpose vehicles). 

These criterion data were found to be in directly useable form as received from 
AFLC. To obtain mean on-equipment maintenance action times, times were sum¬ 
med across all how-malfunctioned codes and maintenance-action-taken codes 
(approximately twenty types of maintenance actions) for each identifiable sub- 
assembly, and then divided by the frequency of failure of that item. Assuming 
no biased reporting of these raw data in the field and assuming errorless data 
reduction, both of which may be somewhat tenuous, criterion measurement should 
be reliable, since the minimum number of observations per mean was 10 and the 
maximum in excess of 2000. Unequal observations per mean was a result of the 
natural sampling process used. The absolute number of observations for each sub- 
assembly was purelv a function of the equipment reliability of that item. There¬ 
fore, by using the ratio of total maintenance man-hours to equipment failure fre¬ 
quency, estimates of average maintenance task times were obtained. Using this 
procedure criterion, data were available on 45 of the original 90 items of equip¬ 
ment. The prediction analysis was made using this criterion only. However, the 
factor analysis was made on all ninety questionnaires. 

Analysis Procedure 

To isolate independent predictors of on-equipment mean maintenance task times, 
a factor analysis method by Wherry-Winer (ref 14) was performed on the 114 ques 
tionnaire item responses on 90 separate items of equipment. 
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The Wherry-Winer method is essentially a multiple group centroid factor 
analysis, (ref 13), in which guessed subtests of items are treated as clus¬ 
ters of intercorrelations used in the multiple-group method. Three Engineer¬ 
ing Psychologists, who were also expert in human engineering design re¬ 
quirements for maintainability, sorted the original 114 questionnaire items 
into 7 homogeneous groups. Items on which agreement could not be reached 
were assigned to an eighth category. Table V shows the initial expert sorts. 
Items are identified by their number in the original questionnaire (Appendix V). 

Two assumptions must be met before proceeding with the Wherry-Winer method. 
First, it is necessary that the subtests be linearly independent. Secondly, if 
any of the guessed subtests contain ten or fewer items, the correlation between 
an item and the test of which it is a part would include the contribution of a spe¬ 
cific factor, hence would constitute a spurious overestimation of the true corre¬ 
lation. This effect ‘■.ends to be negligible if there are 10 or more items in each 
subtest. All subtests contained ten or more items, therefore, no correction was 
made. The test for linear independence was made by using the Z portion of the 
Wherry-Doolittle Test Selection Procedure, (ref 4), starting with the subtest hav¬ 
ing the lowest average intercorrelation with all other subtests and progressively 
adding subtests whose variances show the least overlap with the selected tests. 
A suggested point at which to eliminate subtests is when their unpredicted vari¬ 
ance becomes less than twenty. In this case, the last subtest was selected with 
a Z table value of .327, hence all of the original guessed factors were retained 
(see table VIII). 

A Fortran IBM 7094 program, developed by Sandia Corporation was used as a com¬ 
putational aid in performing the factor analysis. General instructions for using 
this program are included in Appendix II. Two major series of computations are 
performed by this program. First, from raw scores it computes the subtest inter¬ 
correlations (rKL) as well as the item by subtest intercorrelations (r.J. Since 
the program was developed for factoring forced choice rating scales , the ratees 
(in this case equipment items) must be divided into best and worst categories. 
This categorization is based on a median split of the gross questionnaire score. 
Means and standard deviations for guessed subtest scores as well as item dis¬ 
crimination values are also provided. The second major computation is a matrix 
multiplication of the transformation matrix times the oblique item loadings to pro¬ 
vide orthogonal item loadings. The orthogonal loadings obtained were rotated by 
a Varimax criterion (ref 5). 

Finally, relatively independent predictors were recreated by selecting items 
which load high on only one factor. A new intercorrelation matrix between the 
newly developed predictor factors, including the criterion variable, was then 
computed. Multiple regression was performed on this new matrix. 
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SECTION III 

RESULTS AND DISCUSSION 

To estimate rater reliability, 10 pairs of technicians were required to rate 10 
different items of equipment. Operational limitations did not permit having 
more than two raters evaluate the same item of equipment nor were more than 
ten items of equipment available for pahed ratings. The between rater Pearson 
product moment correlations ranged from r=.41 to r=.97 with a median r=.62. 

Figure 1 shows the frequency histogram of the distribution of overall scores on 
the questionnaires for all 90 items of equipment. The distribution is slightly 
negatively skewed due to curtailment of the upper end of the distribution. 
Since no further analysis was made on the overall scores, no attempt was made 
to normalize them through transformation. 

Figure 2 displays the frequency distribution of on-equipment mean maintenance 
task times, in hours, for 45 items of equipment on which criterion data were 
available. This distribution appears log normally distributed. This finding is 
in agreement with other studies by Retterer et al (ref 9) and Schafer, Benson and 
Clausen (ref 11). It was, therefore, decided to perform a logarithmic (base 10) 
transformation on all mean maintenance task times for further analysis. Figure 3 
contains the distribution of these transformed criterion data. Although somewhat 
more normal in terms of skewness, these scores now take on a slight bimodality. 
This bimodality may be either indicative of a truly heterogeneous population 
distribution of maintenance repair times or due solely to the small sample size 
(N=45). However, in accordance with the convention of previous studies, the 
log transformed scores were retained as the criterion distribution. 

Tables VI through XI show intermediary results of the Wherry-Winer Factor Analy¬ 
sis. Table VI contains the guessed subtest intercorrelations along with their 
individual score means and standard deviations. The intercorrelation table of 
items with the subtests of which they were guessed to be a part are included in 
Appendix III. Discrimination indices of these items are included in Appendix IV. 

Table VII and table VIII contain the Doolittle without horizontal extension and the 
WherryZtable used in selecting the various subtests. Table VIII shows that sub¬ 
tests were selected in the order 3, 1, 8, 7, 5, 6, 4, and 2 where the numerals 
represent the initial identification of guessed subtests. This table also shows 
that approximately 32 % of the variance was remaining with the selection of the 
last test (guessed subtest #2). Normally, it is recommended that the selection 
of tests be stopped when the Z value is less than 20 (remaining error variance). 
However, since this point had not been reached, all of the initial guessed pre¬ 
dictor subtests were retained at this phase. 
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APPENDIX I 

MAINTAINABILITY QUESTIONNAIRE 

This questionnaire is a preliminary portion of a research project that ultimately 
will attempt to predict overall system maintainability from an evaluation of 
equipment design characteristics. 

This is not a test to measure your knowledge of the equipment with which you 
work. However the assumption is made that, as a result of working with 
particular equipment and serious thought on your part about various design 
features, you will be able to answer all of the applicable questions. Answer 
each question by checking one of the five alternatives as follows: 

1. The feature is clearly a design characteristic of the equipment. 

2. The feature is reflected in the design of the equipment to a 
great extent. 

3. The feature is not applicable to the equipment. 

4. The feature is reflected in the design of the equipment to a 
small extent. 

5. The feature is not possessed by the equipment. 

If after serious consideration of a given question you determine it is not appli¬ 
cable to the equipment item on which you are answering the questions you may 
select the NA (not applicable) alternative No. 3. 

For purposes of meaningful evaluation of the questionnaire responses you should 
select a major equipment item with which you are most familiar and is a func¬ 
tionally identifiable unit, and answer all the questions you can on this item 
only. Do not change the equipment item you are evaluating, midstream in the 
questionnaire. 

Please provide the following information before answering any of the questions. 

1- Rank_ . 2. AFSC___. 

3. Skill Level 
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4. Number of months to the nearest whole month you have been working 
with the equipment item on which you are answering the questionnaire._ 

5. Major equipment item on which you are answering this question¬ 
naire. Name__ 

T.O. Designation_ 

6. Work Unit Code__ 

7 . Number of technicians performing maintenance action_ 

8. Training courses taken relevant to your present work._ 

There is room provided at the end of the questionnaire for any maintainability 
design characteristics which you believe may reduce maintenance time, facilitate 
maintenance operations and minimize safety hazards. Any ideas you may have 
which were not covered in the questionnaire will be greatly appreciated. 
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1. Are access points individually 

labeled? 

2. Dc access doors to high voltage 

areas have provisions for auto¬ 

matically shutting off power 

(safety interlocks on door etc.)? 

3. When maintenance activities de¬ 

mand the collaboration of a team 

effort, are traffic flow and 

communication adequate? 

4. Are cables routed so they cannot 

be pinched by doors, lids, etc. 

and so they will not be stepped 

on or used as hand holds? 

3* Are displays and their associated 

controls clearly labeled to show 

their relationship? 

6. Is adequate clearance provided 

between switches and knobs to 

prevent inadvertent actuation, 

while allowing sufficient finger 

room for manipulation? 

7* Are guide pins or other means 

used on units and assemblies for 

alignment during mounting? 

8. Are pointer knobs designed so 

there is no possibility of mis¬ 

taking which end of the knob 

is the pointing end? 

9. Are all access covexs which are 

not completely removable, self- 
supporting in the open position? 

10. Are self-locking safety catches 

provided on connector plugs 

rather than safety wire? 

1L Are display labels imprinted, em¬ 

bossed, or attached in such a way 

they will not be lost, mutilated, 

or become otherwise unreadable? 
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12. Do display labels for each 

termination have the same 

code symbol as the wire or 

line attached to it? 

13. Does (do) the access(s) have 

labels which tell what can be 

reached through this point? 

14. Are parts which require access 

from two or more openings 

properly marked to indicate 

this requirement? 

15• Generally is the equipment 

located such that awkward work* 

ing positions are unnecessary? 

16. Are cables or lines attached to 

units which can be partially 

removed (chassis on slide racks), 

so attached so the unit can be 

replaced conveniently without 

damaging the cable or interfer¬ 

ing with the securing of the unit? 

17« Are the functions of each 

control clearly labeled? 

18. Do units in excess of 43 but 

less than 90 pounds have 

provision for two man lift 

where lifting height is not in 

excess of five feet? 

19. Are limit stops provided on 

roll-out racks and drawers? 

20. Are controls and displays used 

for maintenance or calibration 

only, and which are not neces¬ 

sary to actual operation, kept 

distinct from operation controls? 

21. Are units placed so they are 

not in recesses, behind or 

under stress members, floor 

boards, seats, hoses, pipes, or 

other items which are difficult 

to move? 
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22. Is the design such that it is 

physically impossible to re¬ 

verse connections or terminals 

in same, or adjacent circuits? 

23. Do display labels provide full 

identifying information? 

24. Are displays and controls 

labeled so they correspond to 

notations found in system 

diagrams, in T.O.’s etc? 

25. Does (do) access(s) have labels 

indicating what auxiliary 

equipment is needed for service, 

checking, etc., at this point? 

26. Are there any equipment units 

presumably designed for one- 

man manipulation which are too 

large or too heavy to be con¬ 

veniently lifted, carried, 

pulled, pushed or turned 

manually? 

27. Are components arranged such 

in a given compartment so that 

one type of specialist must 

wait for another type of 

specialist to remove his part 

before the first technician 

can get to his part? 

28. Are there any lines routed such 

that the failure to securely 

clamp them in place wmld allow 

the lines to droop and be 

struck by or interfere with 

other moving parts? 

29. Are all the throwaway assemblies 

or parts so located to be 

accessible without removal 

of other components? 

30. Do units over pounds have 

provisions for mechanical or 

power lift? 
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31. Are all interchangeable units 

physically coded (keyed) so 

that it is impossible to insert 

a wrong unit? 

32. Do the controls which are 

multi-position selectors haTe 

detent positions to prevent 

leaving the switch between 

detent positions? 

33. Are controls which are meant 

to have continuous movement 

(not detented) actually have 

a small amount of smooth, even 

resistance? 

34. Are fasteners standardized to 

minimize the number of tools 

required? 

35. Do display and control labels 

clearly indicate their func¬ 

tional relationship? Displays 

should be labeled by functional 

quantity rather than opera¬ 

tional characteristics (i.e., 

gal., psi, ohms etc.) 

36. Are color codes or other 

symbolic coding schemes used 

for identifying test points 

or tracing wire or lines 

easily identifiable under all 

illumination conditions? 

37. Does (do) the access(a) have 

labels which specify the fre¬ 

quency for maintenance either 

by calendar or operating time? 

38. In your judgment was the equip¬ 

ment designed to consider all 

environmental conditions (cold 

weather, darkness, etc.) under 

which it was to be maintained? 
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39» Do miniaturized components as 

compared with nonminiaturized 

components tend to be mounted - 

too close together for easy 

removal and replacement? 

40. Are cables or lines which must 

be routed through walls or bulk¬ 

heads so designed for easy 

installation and removal without - 

necessity for cutting or splicing 

of lines? 

41. Are controls so marked to indi¬ 

cate which direction to operate _ 

the control? 

42. Are all units weighing 45 

pounds or more prominently _ 

labeled with their weight? 

43. Are units coded (labels, colors, 

etc.) to indicate the correct _ 

unit and its orientation for 

replacement? 

44. Generally do controls appear 

on panels in the sequential _ 

order in which they are to be 

used? 

45. Do controls which can be inad¬ 

vertently displaced come to _ 

rest at the null point in case 

of power failure? 

46. For tool operated screws, are 

they of the type which can be _ 

operated by several tools 

(screwdriver, wrench, or pliers)? 

4?. Is printed matter displayed 

upright from your normal view- ____ 

ing position? 

48. Are all potted parts labeled 

with current, voltage, imped- _ 

anee, terminal information etc? 
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49. Do access openings used for 

frequent visual inspection 

have transparent or "quick 

opening" type covers? 

30. Can displays (dials, gages, 

GO-NO-GO indications etc.) be 

easily observed and/or read from 

a convenient working position? 

51. If components require "¿tacked" 

mounting to conserve space are 

the components with the highest 

failure rate located on top? 

52. Are there any cables attached 

to the front of cabinets where 

they could be "bumped" by pass¬ 

ing equipment or personnel? 

53. Where screwdriver adjustments 

must be made blind, are either 

mechanical guides provided or 

the screws mounted so that the 

screwdriver will not fall out 

of line? 

54. Are there a greater number of 

fasteners (screws, bolts, clamps, 

etc.) on access panels than re¬ 

quired to maintain structural 

integrity of the unit? 

55* Are units designed to be re¬ 

moved and replaced provided 

with handles or other suitable 

provisions for grasping, 

handling and carrying? 

56. When more than one control is 

used for adjusting a single (or 

interacting) function are the 

controls placed on the sane panel? 

57* Are keyways for tubes and tube 

sockets suitably marked so you 

do not have to rely on "feel" to 

find the proper position? 
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58. Are access cover fasteners of 

the captive type? 

59. Do display labels appear on 

every item which you must recog¬ 

nize, read or manipulate? 

60. Do access covers have permanent 

part numbers marked on the cover? 

61. Are access covers designed so 

it is obvious how they are to 

be opened or closed? 

62. Can controls (switches, knobs, 

etc.) be easily reached for 

operation from a convenient 

working position? 

63. Are all cables, liquid or 

pressure lines color coded and 

both ends tagged? 

64. Do labels identifying control 

handles appear on the handle as 

well as the panel since the 

panel may be removed during 

maintenance? 

65. Are internally mounted controls 

located away from dangerous: 

voltages? 

66. Are combination-head mounting 

bolts with a deep internal slot 

(either single blade or phillips) 

arrangement and hex head used? 

67. Are handles and grasp areas so 

located that at least two inches 

of clearance from obstructions 

is provided for handling? 

68. Do controls which are intended 

to have a limited degree of 

motion have adequate mechanical 

stops to prevent damage? 
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69. Are aasembly parte designed with 

orienting seats, pins, etc., to 

save time getting parts in proper 
position for fastening? 

70. Are quick disconnect devices 

(fractional-turn, quick-snap 

action, press-fit, etc.) used 

wherever possible? 

71. For fixed procedure operation 

is the sequence of use of con¬ 

trols indicated by number? 

72. Are all lubrication points 

accessible? 

73. Are access openings designed 

so the technician cam see what 

he is doing (clearance for hand 

only, obscures the thing the 

techniciam is working on)? 

74. Are maintenance displays located 

on the side normal for mainte¬ 

nance tasks of inspection, check¬ 

out, troubleshooting, removauL 
and replacement? 

75. In order to prevent miamating 
or interchanging connections is 
there some means of physical 
design to prevent this? (unique 
fastener or socket, routing of 
cables or lines so lengths vary, 
spreader blocks, etc.) 

76. Is there sufficient space to use 
test equipment and other tools 
required during checkout? 

77. Are externally mounted controls 
which must be operated without 
visual reference located in 
front rather than to the side 
or behind the operator? 

78. Are mounting bolts semi- 
permantly captive(preferably 
with snap on collars)? 
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79. For removal units which have 

irregular, fragile, or awkward 

extensions, such as cables, 

wave guides, hoses, etc; are 

these extensions easily remov¬ 

able before the unit is handled? 

80. Do covers or shields through 

which mounting screws must 

for attachment to the basic 

chassis of unit have large 

enough holes for passage of the 

screw or bolt without perfect 
alignment? 

81. Are high failure rate compo¬ 

nents easily accessible for 
replacement? 

82. Are finger operated fasteners 

used wherever feasible? 

83. Are appropriate labels used 
for each test point? 

84. Do access covers which remain 

attached to the basic equipment 

assigned such so they do not 

have to be held open or "dangle" 
in the way? 

85. Are displays located so they can 
be observed without removal of 
other equipment or dieassembly 
of any portion of the installa¬ 
tion? 

86. Are oables routed so they need 
not be bent or unbent sharply 
when being conneoted or dis¬ 
connected? 

8?. Are sensitive adjustments 
located or guarded such to 
prevent inadvertently "bumping” 
them out of adjustment? 

65 



1 2 1 4 2 
88. Are »11 controls located where 

they can be seen and operated 

from the normal working posi¬ 

tion - without disassembly or 

removal of any part of the 

installation? 

89. Are identical screw and bolt 

heads used to enable various 

panels and components to be 

removed and Installed with one 

type of tool? 

90. Is the proper orientation of 

units within their respective 

case made obvious, either 

through design of the cases or 

by means of appropriate labels? 

91. Are handles and grasp areas 

located so that at least two 

inches of clearance from 

obstructions is provided for 

handling? 

92. Are U-lugs rather than O-lugs 

used for clamping purposes? 

93* Is there sufficient space 

between connectors so they can 

be grasped firmly for connect¬ 

ing and disconnecting? 

94. Are there display labels on com¬ 

ponent covers which provide 

relevant information concerning 

electrical, pneumatic or hydraulic 

characteristics of the part? 

93* Are access openings generally 

located at convenient working 

positions? 

96. When group activity demands the 

use of a central visual display 

are the lines of sight to the 

display blocked by poor arrange¬ 

ment of people or equipments? 
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97» Are control knobs which only 

require resetting occasionally 

or in special cases, provided 

witn a cover, seal or otherwise 

guarded against inadvertent 
actuation? 

98. Are field units and assemblies 

replaceable with nothing more 

than common hand tools? 

99. Are cases designed as lift off 

units rather than having the 

units lifted out of the cases? 

100. Do hinged doors or covers have 

captive quick-opening fasteners 

wherever possible? 

101. Are adjacent soldered connec¬ 

tions located far enough apart 

so work on one connection does 

not compromise the integrity of 

adjacent connections? 

102. Are electrical terminals clearly 
marked + or - ? 

103. When selector switches have to 
be used with a cover panel off, 

are these duplicate switch posi¬ 

tion labels on the internal unit 

so you don't have to refer to 

the label on the case or cover 
panel? 

104. Are access openings free of 

sharp edges or projections which 

constitute a safety hazard? 

105. Are components located such that 
physical interference among tech¬ 

nicians working on the same or 

adjacent areas is minimized? 

106. Are functionally similar units 
interchangeable between systems 
or subsystems? 
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107- Are units which are frequently 

pulled out of their installed 

poeition for checking mounted 

on roll-out racks, slides or 

hinges’7 

108„ Are cranks designed and positioned 

with respect to the speed or load 

which they administer; that is, 

small cranks at elbow height for 

fast wrist action- light loader, 

large cranks oriented for full 

arm motion? 

IO9. Are bulkheads- brackets, other 

unite etc., designed not to 

interfere with the removal or 

opening of covers of units witnin 

which work must be done? 

110» Are connector plugs designed so 

that pins cannot be damaged 

(aligning pins extend beyond 

electrical pins')? 

111. Are plugs, connectors and recep¬ 

tacles clearly marked to show 

proper position of keys for 

aligning pins for proper inser¬ 

tion position? 

112. Are exterior access doors on 

flight line equipment so large 

or heavy that they require mere 

than one man to open and remove 

them? 

113. Are control linkage attach¬ 

ments designed such that 

reversed assembly is not 

physically possible? 

114. Are components or access covers 

designed so they can be easily 

oriented for fastening by pro¬ 

viding alignment pins or grooves? 
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APPENDIX H 

TNST SUCTIONS î"OR US F CON WHEPl-'y • WINEE PROGRAM 

1„ This program wao d^eigned (îripncial ly for usr* In constrot Urp 
force-cboice rating a^aiea. 

2. Check-List scal^a aro adral Diet erad to group., asking <¡*a:h ro^v.r.d- 
ent to rata Beet and Worst man a five point Bcalt» 

3. Vou must have an equal number of Best and Worst, Also all stats- 
ments must be rated *ie usually punch 3 for blanks). 

Numbei1 the Worst freír 0001 - 4999- Number the Lest from 9001 - 

5. In keypunching the data 1-4 Han Number 
9- 6 Card Number (01, OP* etc-) 
^10 Blank 

11-80 Data 

ó» Make table cards- The Wherry-Winer rails for the "arm-chairmg'* 

of factors« Set up table cards by placing "TABLE1' in Cols- 1-9» 

In Cols« 0-8« the item number uirunediateiy following,. Then from 

9-3O use 2 column fields to designate categories» Ihat i&; the 

first statement is in category ¿1. the second statement in #2.- the 
third in #?. etc» If you exhaust a category, .just skip that 

category number , 

In the above example., we have 9 categories. 001 tells us the 
statement number irar,odiais 1 / ■following' then 01 says that the first 
s ta teme fit is in th- first category, etc. Notice that, in the 
second series *e have 03» 0.3» that is, >*- have exhausted category 
#4, continua along omitting that, category» 

You ran place 3c statements Vy category to a card» Your second 
card would read* TABLE 03/-  » 
Your third. "’ABLE C7>—.., 
Your fourth* TABLE 109—-• 

7» The first output results in Means, Standard Deviations, DI s com¬ 
puted via Sisson’s rec omirenda I lone. Category inter r:s and sfatt-• 
nent to category r's. 

8. Factor analyze the category to category matrix. 
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9. Solvre Doolittle front and back solutions» (We do this by hand 
because you must exercise judgment whether or not to throw out a 

factor») 

10» Place beta weights in Factor load cards. 

11» We can only handle 7 nets of weights at a time» The first card an 

Columns 1-2, place the numb.-r of sets of Beta's you have-06,03,07: 

if over 7, say 10, then split them up. The first set would ne 0? 
then the seven sets of Betas, then 03-. ar‘d the last three sets of 

Betas. 

12. Use the following format for punching in Betas: Use ten column 

fields » 10, 20, 30 - through Column 70» 

13» Anywhere in the ten column field punch the beta weight., including 

sign and decimal. (You need not punch the plus sign.) 

If you drop out a factor you must punch .00 in the appropriate 10 

Column Field. If you have over 7 armchair factors, continue on to 

second card. When you have completed all armchair factors, begir 

new card for the next set of weights. 
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Loading 
Item No. 

Do hinged doors or covers have captive 
quick-opening fasteners wherever possible? 

Are there a gieater number of fasteners 
(screws, bolts, clamps, etc) on access 
panels than required to maintain structural 
integrity of the unit ? 

Are field units and assemblies replaceable 98 
with nothing more than common handtools ? 

Are functionally similar units interchangeable 106 
between systems or subsystems ? 

Are combination-head mounting bolts with a 66 
deep internal slot (either single blade or 
Phillips) arrangement and hex head used? 

Are all cables, liquid or pressure lines, 63 
color coded and both ends tagged? 

Factor Vwas identified as Alignment and Keying Factor. Only one item (101) 

r^lned by tMs,factor- Wems (53 and 80) were now loaded on Factor I 
i resPectively- Based on previous experience, the design features in¬ 

cluded in this factor are deemed most readily amenable to human engineering 
application since they rarely impose a significant cost trade-off against other 
design considerations. This is not so with most of the design features com¬ 
prising the other factors. The following items now make up Factor V: 

Item No. 

.60 Are assembly parts designed with orienting 69 
seats, pins, etc, to save time getting parts 
in proper position for fastening? 

•52 Is the proper orientation of units within 90 
their respective case made obvious, either 
through aesign of the cases or by means of 
appropriate labels ? 

Are components or access covers designed 114 
so they can be easily oriented for fastening 
by providing alignment pins or grooves ? 
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Loading Item No. 

.50 Are all interchangeable units physically 31 
coded (keyed) so that it is impossible to 
insert a wrong unit? 

.46 Are units coded (labels, colors, etc) to 43 
indicate the correct unit and its orientation 
for replacement ? 

.46 Are guide pins or other means used on units 7 
and assemblies for alignment during mounting? 

.44 Is there some means of physical design to 75 
prevent mismating or interchanging connec¬ 
tions. (unique fastener or socket, routing 
of cables or lines so 1'u'gths vary, spreader 
blocks etc) 

.44 Are connector plugs designed so that pins 110 
cannot be damaged (aligning pins extend 
beyond electrical pins) ? 

.43 Is the design such that it is physically 22 
impossible to reverse connections or 
terminals in same, or adjacent circuits? 

.40 Are plugs, connectors and receptacles 111 
clearly marked to show proper position of 
keys for aligning pins for proper insertion 
position? 

.37 Are keyways for tubes and tube sockets 57 
suitably marked so you do not have to 
rely on "feel" to find the proper position? 

.36 Are adjacent soldered connections located 101 
far enough apart so work on one connection 
does not compromise the integrity of adjacent 
connections ? 

.34 Are control linkage attachments designed 113 
so that reversed assembly is not physically 
possible ? 
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Factor VI was initially thought to be a control design factor, guessed suhlest 
number 6, however, eight new items now load highly on this factor. The con¬ 
tribution of these new items allows the emergence of a factor now defined as 
Manual Control Layout. This factor, with the new items, appears to be one 
of the more potent factors in terms of the total number of items (20) loading 
highly on it. The following items now comprise this factor. 

Loading 

.73 Do controls that are intended to have a 
limited degree of motion have adequate 
mechanical stops to prevent damage? 

.65 Are control knobs that only require 
resetting occasionally or in special 
cases, provided with a cover, seal or 
otherwise guarded against inadvertent 
actuation ? 

Item No. 
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97 

.62 Are pointer knobs designed so there is no 8 
possibility of mistaking which end of the 
knob is the pointing end ? 

.58 Are cranks designed and positioned with 108 
respect to the speed or load which they 
administer; that is , small cranks at elbow 
height for fast wrist action, light loads; 
large cranks oriented for full arm motion? 

.57 Do the controls that are multi-position 32 
selectors have detent positions to prevent 
leaving the switch between detent positions ? 

.56 Do controls that are meant to have contin- 33 
uous movement (not detended) actually possess 
small amount of smooth, even resistance? 

.52 Are all lubrication points accessible? 72 

.47 Are all controls located where they can be 88 
seen and operated from the normal working 
position—without disassembly or removal 
of any part of the installation ? 
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Loading 

Generally, do controls appear on panels 
in the sequential order in which they are 
to be used ? 

Item No. 

.47 44 

.47 Are controls so marked to indicate which 41 
direction to operate the control. 

.37 When more than one control is used for 56 
adjusting a single (or interacting) func¬ 
tion, are the controls placed on the same 
panel ? 

.37 Do units over 90 pounds have provisions 30 
for mechanical or power lift ? 

.36 Are externally mounted controls that must 77 
be operated without visual reference loca¬ 
ted in front rather than to the side or behind 
the operator? 

.35 Are internally mounted controls located 65 
away from dangerous voltages? 

.33 For fixed procedure operation is the 45 
sequence of use of controls indicated 
by number? 

.32 Are exterior access doors on flight line 112 
equipment so large or heavy that they 
require more than one man to open and 
remove them ? 

.31 Are all units weighing 45 pounds or more 42 
prominently labeled with their weight ? 

.30 Are sensitive adjustments located or 87 
guarded such to prevent Inadvertently 
"bumping" them out of adjustment? 

.24 Are access openings generally located at 95 
convenient working positions ? 

This factor lost no items as a function of analysis or rotation. 
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Factor VII, originally guessed subtest No. 4, was defined as Workspace 
Configuration. Items 37, 47, and 93 are new to this factor and appear to 
contribute to its interpretability. Items 27, 77 , 88, and 95, which were 
originally assigned to the subtest, now load on other factors. The follow¬ 
ing items now constitute Factor VII: 

Loading Item No. 

.60 Generally is the equipment located such that 15 
awkward working positions are unnecessary? 

.45 Is there sufficient space to use test equip- 76 
ment and other tools required during checkout ? 

.43 Can controls (switches, knobs, etc) be easily 62 
reached for operation from a convenient working 
position? 

.39 Are components located such that physical 105 
interference among technicians working on 
the same or adjacent areas is minimized? 

.38 Is there sufficient space between connectors 93 
so they can be grasped firmly for connecting 
and disconnecting? 

.36 Does (do) the access(s) have labels which 37 
specify the frequency for maintenance either 
by calendar or operating time ? 

.36 Are displays located so they can be observed 85 
without removal of other equipment or disas¬ 
sembly of any portion of the installation? 

.30 When maintenance activities demand the 3 
collaboration of a team effort, are traffic 
flow and communication adequate? 

.29 When group activity demands the use of a 96 
central visual display are the lines of 
sight to the display blocked by poor 
arrangement of people or equipments ? 
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Loading Item No. 

.28 Can displays (dials, gages, GO-NO-GO 50 
indications, etc) be easily observed and/or 
read from a convenient working position ? 

.25 Is printed matter displayed upright from 47 
your normal viewing position? 

.23 Are cables or lines which must be routed 40 
through walls or bulkheads so designed 
for easy installation and removal without 
necessity for cutting or splicing of lines? 

Factor VIII, defined as Accessibility, was originally guessed subtest No. 2 
and contains the following items: 

Loading Item No. 

.59 Are access openings designed so the 73 
technician can see what he is doing 
(clearance for hand only, obscures the 
thing the technician is working on) ? 

.49 Do access openings used for frequent 49 
visual inspection have transparent or 
"quick opening" type covers? 

.48 Are units placed so they are not in recesses, 21 
behind or under stress members, floor boards, 
seats, hoses, pipes, or other items which 
are difficult to move? 

.47 Are high failure rate components easily 81 
accessible for replacement? 

.44 Are bulkheads, brackets, other units etc, 104 
designed not to interfere with the removal 
or opening of covers of units within which 
work must be done? 

.40 Are access covers designed so it is obvious 61 
how they are to be opened or closed? 
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Loading Item No. 

.40 Do access covers that remain attached 84 
to the basic equipment assigned such 
so they do not have to be held open or 
"dangle" in the way? 

.39 Are quick disconnect devices (Fractional- 70 
turn quick-snap action, press-fit, etc) 
used wherever possible? 

.38 A. e all the throwaway assemblies or parts 29 
so located to be accessible without re¬ 
moval of other components ? 

.35 Are maintenance displays located on the 74 
side normal for maintenance tasks of 
inspection, checkout, troubleshooting, 
removal and replacement? 

.34 When selector switches have to be used 103 
with a cover panel off, are there duplicate 
switch-position labels on the internal unit 
so you don't have to refer to the label on 
the case or cover panel? 

.32 Are units that are frequently pulled out of 107 
their installed position for checking mounted 
on roll-out racks, slides or hinges? 

.32 Is adequate clearance provided between 6 
switches and knobs to prevent inadvertent 
actuation, while allowing sufficient finger 
room for manipulation ? 

.32 Are self-locking safety catches provided 10 
on connector plugs rather than safety wire? 

.31 Are cases designed as lift-off units rather 99 
than having the units lifted out of the cases? 

.30 Do covers or shields through which mounting 80 
screws must pass for attachment to the basic 
chassis of unit have large enough holes for 
passage of the screw or bolt without perfect 
alignment ? 
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Loading Item No. 

.30 Do miniaturized components as compared 39 
with nonminiaturized components tend to 
be mounted too close together for easy 
removal and replacement ? 

.29 Are limit stops provided on rollout racks 19 
and drawers ? 

.26 If components require "stacked" mounting 51 
to conserve space, are the components 
with the highest failure rate located on 
top? 

Items 72, 93, 101 , 107, and 109 no longer load on this factor. Accessibility 
has traditionally been thought to be one of the major contributors to maintenance 
action times. In the present study, however, this was not the case, as will be 
explained in the ensuing discussion of the regression analysis results. 

Seven new Factor-Tests were rescored for use as predictors in multiple regression 
analyses. Intercorrelations between the newly constructed Factor-Predictors end 
with the mean maintenance action scores were computed. For prediction purposes, 
Factor III, Handling for Removal and Replacement, was eliminated since only six 
items now loaded on this factor. Instead, all six items were assigned to factors 
on which they loaded next highest. Table XIII contains the items selected for each 
of the seven Factor-Predictors. 

2 
Factor V, Manual Control Layout, correlated highest with the criterion r = -.464 
compared to all other factors. Factor II, Maintenance Information and Factor IV, 
Alignment and Keying had the next greatest relationship to the criterion variable, 
r = -.357 and r = - .356 respectively. Factor III, Fasteners and Tools correlated 
r = -.310 with the criterion while all other factors related less than r = .20. 

Since one of the objectives of the factor analytic portion of this study was to 
isolate those human engineering design dimensions which are most highly related 
to systems maintainability criteria, most consideration for future design criteria 
research should be devoted to manual control layout, alignment and keying, and 
maintenance information display systems. This conclusion is somewhat novel, 
in that workspace layout and accessibility have traditionally been thought to be 

2. A negative relationship is in the proper direction since the better the human 
engineering design, the more one expects maintenance task times to decrease. 
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the major areas where maintenance burden was most severe. The relatively 
high relationship of Factor III, Fasteners and Tools, to maintenance task times 
is partially in accordance with the findings of Schafer, Benson and Clausen 
(ref 11), where a simple fastener count proved to be one of the best predictors 
of maintenance time. 

A multiple correlation coefficient R = .523 was obtained between the six predic¬ 
tor-factors and mean maintenance action times in log hours. This multiple R 
had a standard error of estimate of .133. Analysis of variance for multiple linear 
regression, which tests the ratio of the variance due to regression to the variance 
due to deviation about the regression line, was significant at .10> P> .05. The 
measured vs. the predicted mean maintenance action times in log hours for each 
of the 45 items of equipment are shown in table XVI in Appendix V. 

After the initial regression and validity analyses, two additional series of analyses 
were run. 

First, previous research in maintainability prediction was criticized in section I on 
the basis of homogeneous sampling of equipments. Since this study had sampled 
across classes of equipment, it was possible to classify the 45 items of equipment 
into electronic and nonelectronic items with Ns of 25 and 20 respectively. Factor 
Validities and Multiple Rs are presented in the second two columns of table XIV. 
The first column contains the results of the initial analyses. There is a pronounced 
shift in factor validities between electronic and nonelectronic equipment. Whereas 
Factor VI, Manual Control Layout, has the highest validity for all equipment and 
electronic equipment, Factor V, Alignment and Keying, has the highest validity for 
nonelectronic equipment. With the exception of Factor VIII, Accessibility, and 
Factor IV, Fasteners and Tools, to a slight extent, ail other validities increase for 
nonelectronic equipment. The multiple R also increases slightly over electronic 
equipment. It should be cautioned, however, that halving the sample size reduces 
the stability of both the Validity rs and Multiple Rs reported. The rather large in¬ 
creases in Multiple Rs for the smaller samples may be inflated by correlation with 
chance errors when N is reduced. 

Secondly, originally response alternative No. 3 on the questionnaire was thought 
to be an indifference point on a scale from 1 to 5. However, the use of this alter¬ 
native for nonapplicable responses could produce different validity patterns or dif¬ 
ferent overall predictive efficiency, depending on whether or not these responses 
were included in the factor scores. To test this possibility, a series of analyses 
was made using the mean scores on all factors without response alternative No. 3. 
On the average, approximately three questionnaire items per factor were so elimi¬ 
nated. The results of these analyses are presented in the right-hand side of 
tableXIV. No change in the Multiple R for all equipment was obtained, differing 
only by .005. This indicated that response alternative No. 3 truly represents an 
indifference point when prediction for all equipment is concerned. The validity 
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pattern remained approximately the same, with only Factor II and III reversing 
ordinal position. In comparing electronic vs nonelectronic equipment, the 
validity patterns shift slightly from those based on all response alternatives. 
In terms of prediction based on all equipment, very little effect is produced by 
eliminating response alternative number 3 from the analysis. A greater apparent 
effect is produced on the validities between equipment types, but this again 
could be due to unstable correlations when small samples are used. 

At first, the coefficients of determination obtained in this study appear to be 
comparatively small explanations of criterion variance (27% - 47%), however, 
other interpretations appear warranted. 

Customarily one assigns all unexplained variance to errors of measurement either 
in the predictors or the criterion variable. In this study, however, it was antici¬ 
pated that there would be other systematic contributors to systems criterion vari¬ 
ance beyond human engineering design (man-machine interaction variance). If the 
conceptual formulation outlined in section I truly represents reality, then man- 
variance (inter and intra human variations) and machine-variance (weight, volume, 
reliability, etc) also should account for systematic criterion variance. No attempt 
was made in this study to measure these other contributors. However, in the re¬ 
stricted case of maintainability prediction machine-variance should be minimal 
since the construction of the criterion variable (ie, mean maintenance action times 
were averaged across all how-malfunction codes). 

Secondly, assuming machine-variance is minimal and both man-variance and man- 
machine variance are approximately equal contributors to systems maintainability 
criterion variance, coefficients of determination between .269 and .467 are not 
explaining all systematic man-machine variance possible and the remaining vari¬ 
ance is due to error of measurement. 

On the predictor side of the equation, error of measurement probably occurs be¬ 
cause of the lack of high rater reliability. On the criterion side, error of meas¬ 
urement stems from lack of precision in reporting AFM 66-1 maintenance data. 
For example, the difference between predictive efficiency of this study compared 
to the Retterer et al (ref 9) study is at least partially due to the fact that in the 
latter effort, criterion data were obtained by actual stop watch timing of the main¬ 
tenance tasks. Since economic limitations require that the Air Force use mainte¬ 
nance data reported from operational bases, the current AFM 66-1 reporting system 
should be modified so that more precise measurement of maintenance action times 
can be achieved. One major stride towards greater accuracy would be to report 
delaytimes (supply, transportation, queing, etc) encountered in maintenance ac¬ 
tivities. Presently, there are no provisions for reporting these times. Also, there 
are no provisions for reporting troubleshooting and fault isolation times. If these 
times could be partialed out as a criterion variable from overall maintenance action 
times, the maintenance information predictor-factor should relate higher with purer 
measures than found with the overall times used in this study. 
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Human errors in equipment operation and maintenance appear to be highly 
related to maintenance action times, since the more errors in performing a 
task the longer the task will take. Shapero et al, (ref 12) found that 20 per 
cent to 50 per cent of all missile equipment malfunction is attributable to 
human-initiated equipment failures due to poor human engineering design. 
The findings of this study indicating human engineering design dimensions 
account for approximately 27 to 47 per cent of systems criterion variation 
appears more than coincidental. 

From the previous findings and discussions, several areas of follow-up 
research are indicated: 

1. A limited scale validation program should be undertaken in which 
design engineers rate specific subassemblies of equipment using the pre¬ 
dictor-factor questionnaire items. Higher rater reliability should result 
than obtained from operational technicians, since engineers generally have 
a more thorough acquaintance with the design details of the equipment. 

2. Inter-intra personnel factor-predictors should be developed, so 
that they could be treated additively along with the human engineering 
factor-predictors in explaining more systematic variance of the conceptual 
formulation outlined in section I. The findings of such an effort would 
then allow ;more intelligent programming of personnel and human engineering 
research support to weapon system development programs. 

3. Finally, an extensive research program should be undertaken to 
develop and measure criterion data currently being reported from opera¬ 
tional commands. Not only should these data be reported as the basis 
for management and development engineering decisions but attention 
should also be given to psychological scaling of reporting media by the 
technician in terms of discriminability of action-taken and how-malfunction 
codes. 
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SECTION IV 

CONCLUSIONS 

A theoretical formulation was outlined which treats systems measurement and 
prediction as a components of variance model. The sources of variation are 
identified as: inter- and intra-man variation (personnel and social variables); 
machine variation (weight, volume, reliability, etc) and man-machine interaction 
variation (human engineering design criteria). A restricted case of the formulation 
was empirically investigated in an attempt to predict maintainability of sampled 
Air Force equipment from a questionnaire evaluation of human engineering design 
features. 

A questionnaire was developed containing 114 items of "desirable" maintainability 
human engineering design features. Ninety maintenance technicians completed 
the questionnaire on 90 subassemblies in three major weapon systems (B-52, 
GAM-77, and KC-135). Questionnaire responses were factor analysed by the 
Wherry-Winer Method, yielding eight orthogonal maintainability design factors. 
On the basis of factor loadings, seven of the original eight factors were selected 
as the most potent prediction factors. 

Criterion data were developed from the AFM 66-1 maintenance data reporting 
system. To obtain mean maintenance action times, 6 months of maintenance 
data were averaged across all how-malfunction codes and maintenance-acticn- 
taken codes. The resulting distribution of mean times on 45 subassemblies of 
equipment appeared log normally distributed and, consequently, were transformed 
to log hours (base 10) to permit further analysis. 

Several series of regression analyses were performed using different sets of 
assumptions of heterogeneity of sampled equipment and questionnaire scale 
stability. Coefficients of determination ranged from .27 to .47 depending on 
which assumptions are made. Generally, when equipment was classified to 
make more homogeneous sets, predictive efficiency increased and factor validity 
patterns changed. When response alternative No. 3 was eliminated from the 
questionnaire scale, little effect was produced on predictive efficiency or factor 
validity patterns. 

The coefficients of determination found were interpreted as being a partial 
explanation of maintainability criterion variance by human engineering design 
factors. Other possible interpretations were offered which appear compatible 
with the general theoretical formulations. 
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The following recommendations for future research were suggested on the basis 
of the findings of this study: 

1. A validation program should be undertaken in which design engineers 
evaluate equipment on the basis of human engineering design factors. 

2. Research should be designed in an attempt to incorporate personnel 
predictors along with human engineering predictors. 

3. Efforts should be made to modify the current maintenance data reporting 
system to enable more precise ana reliable criterion data collection. 
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APPENDIX V 

TABLE XVn 

ACTUAL VS. PREDICTED MEAN MAINTENANCE 

ACTION TIMES IN LOG HOURS 

Equipmen*’ (Subassembly) 

1 Converter Liquid Oxygen 

2 MD-9 Fire Control System 

3 Hydraulic Power Pack Assembly 

4 Electronic Computer 

5 Fuel Flow Transmitter 

6 Altimeter Drive Assembly 

7 Radar Set AN/APN-59 

8 Transponder Set AN/APX-25 

9 GAM 77A Computer 

10 Transponder Set 

11 GAM 77A Astrotracker 

12 B-52 Landing Gear System 

13 Raa&r Beacon AN/APN-69 

14 Radio Set AN/ARN-21C 

15 Bomb Nay., System AN/ASB 4A >.ACR) 

16 MC-l A/P System 

17 N-1 Compass System 

18 GAM-77 Stable Platform 

19 Flight Controls (Spoiler and 

Airbrake System) 

20 Bomb Nav System AN/ASB 4A 

21 Navigational Computer AN/ASN-7 

22 Air Data and Surface Control Unit 

23 MA-2 Auto P'j lot 

24 GAM-77A Motor Generator Drive 

Actual 
Log Y 

.66511 

.55955 

.99269 

.88992 

0665II 

.83461 

071240 

« 58467 

.75861 

060390 

.75035 

.63417 

.72395 

060163 

.71037 

.45969 

.59195 

09303o 

„50406 

71037 

.71366 

.66276 

<64187 

„92054 

Predicted 

Log Y 
Re si etna : 

.,79286 

083771 

.75322 

„78592 

0 70795 

.61121 

o707Ó4 

„60334 

.70087 

„60427 

.71872 

„60843 

„6704c 

.71771 

„69034 

„60811 

„61159 

069573 

„60721 

„65282 

62270 

„70786 

„61852 

,,63854 

-.278.,6 

„2394 7 

„10400 

- ,0k2S+ 

. 22 >0 

„00476 

-.0)867 

„05774 

-„00037 

„03163 

„02574 

„05335 

* „ 116(/8 

„02003 

-„1.4842 

.■ 01964 

7‘tt'C 7 

- „iC 3. -, 

.05/,:5 

., 090 36 

-,,04510 

„0735-, 
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25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

TABLE XVII —Continued 

Equipment (Subassembly) 
Actual Predicted 

Log Y Log Y 
Pesidua * 

APS 54 Range Radar 

MD-1 Automatic Astro Compass 

GAM-77A Aii Data Unit 

ALT-13 Countermeasure Transmitter 

AN/ALR-I8 Receiver Counter¬ 
measures 

AN/AIC-10 Interphone System 

AN/APP-9 Repeater 

APR-14 Detection Radar 

AJA-1 True Heading Indicator 

AN/APH-2 Evaluator, Fire 

Control System 

AN/ALT-16 Countermeasure 

Transmitter 

AN/ALT-15 Countermeasure 

Transmitter 

GAM-77A Converter-Monitor 

J-4 Compass System 

Automatic Checkout Test Console, 

Flight Control and 0SS#2 

Engine Pressure Ratio Transducer 

Terrain Computer 

Power Supply Assembly 

AJM14V Tester 

ALT-6B Jamming Transmitter 

AN/ARC-65 Communication Radar 

-45803 .58159 -.12356 

.71012 .62653 „083.69 

.66276 „67755 -.,01479 

„52840 „61200 ~.0836C 

„52504 „56623 -„04l :.9 

„38668 „63281 -„24613 

.45939 .51990 -.0605- 

„47085 .51396 -„0v31i 

.62469 .60210 „02269 

„62459 .59909 .026:70 

.46746 .57752 -.11006 

.55157 .58765 '„03608 

„53832 .„606l4 -„06782 

.47026 .59804 -.12778 

.77815 .62348 .15467 

„63417 .56630 „067Sr> 

„69897 „55968 „13929 

»47567 „56441 -.03874 

.42846 „56056 -„,3210 

„4808? „51105 -.030x8 

„69592 .53286 „16306 
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