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PREFACE

This report was to have been coauthored with Dr. Henry B. Tingey, Professor of Mathematical

Sciences, University of Delaware. Dr. Tingey contributed significantly to the design of the experiment

and endured record-breaking temperatures in the field to be present during data collection. His untimely

death less than 6 mo later prevented him from seeing this project to its conclusion.

The data had been entrusted to John Monyak, a graduate student in the Department of Mathematical

Sciences at the University of Delaware, for computational interrogation. Mr. Monyak wanted to complete

the analysis of the data, and so a course of action was decided upon. At the end, it was clear that

Mr. Monyak's contribution would not be adequately reflected through an acknowledgment and so he

appears as coauthor.
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1. INTRODUCTION

During the week of 15-21 August 1993, a field test of turbine engine diagnostic (TED) software was

conducted at Fort Stuart, GA.

The participants in the test were personnel from Support Squadron, 278th Armored Cavalry Regiment

(ACR) and 771st Maintenance Company, 176th Maintenance Battalion, of the Tennessee National Guard

(TNNG). The TNNG had at that time only begun transition to the MI Abrams main battle tank (MBT)

and hence brought negligible prior experience repairing the engine to the field test. Some of the

participants had never before seen the AGT-1500 turbine engine. Thirty soldiers took part in the exercise.

They were chosen so that three levels of skill were equally represented. Three groups of 10 soldiers-10

having ranks EI-E4, 10 with rank E5, and 10 with ranks E6-E7-represented the different skill levels.

1.1 Test Configuration. Four AGT-1500 engines, removed from the MBT to duplicate the

environment in which the mechanic will be working, were used. The engines were physically located to

ensure the integ.ity of the data collected (i.e., they were sufficiently isolated to obviate verbal and/or visual

communication between sites). At two of the engines, TED software loaded on an IBM-compatible

486 DX color notebook computer was provided, and at the remaining two engines the paper technical

manual (TM) currently fielded was available for use by the participants.

On each of the four engines, several faultsl that would normally require attention by a mechanic were

installed. The number of faults installed on a specific engine ranged between two and four inclusively

and was randomly determined prior to the start of the test. The particular faults that were installed were

again chosen at random from a list of possible problems determined by a master mechanic to be

comparable in difficulty of detection. In this way, each engine was rendered unique in that the number

of faults and the nature of faults presented to the mechanic differed between engines. The entire process

of fault assignment was repeated for each engine at the beginning of each day of testing to avoid any

carryover of information from the previous day.

t The term "fault" is taken here to mean a condition that requires mechanical intervention (ie., replacement of a part,
adustmen of an existing part, or futher diagnostic inquiry).

I



1.2 Test Conduction. Since some constraints on scheduling the soldiers' arrival at the test site had

to be observed, the order in which an individual entered the test was not completely arbitrary. However,

within each level of proficiency, the troops were randomly assigned to one of two experimental regimens.

Half used TED followed by the TM while the other half used the TM followed by TED, and once an

individual commenced on test, both methods were used, one following the other. Each soldier was

randomly assigned to an engine with TED software and to an engine with the TM. This was equivalent

to assigning faults to be identified.

The random assignment of number and type of faults to engine, troops to engine, and troops to

experimental regimen, is necessary to disrupt systematic errors (anticipated or unseen) that might infiltrate

the data collection and analysis and distort the results. The symmetry of group makeup--3 groups of 10,

half using TED first and half using the TM first-maintains balance in the data and facilitates its

subsequent analysis. The data are being collected in accordance with a statistical experimental design

called a cross-over design.

1.3 Data Collection. The mechanics were instructed to conduct a complete visual inspection of the

engine and to complete DA Form 2404, Equipment Inspection and Maintenance Worksheet. The TED

software directs both the order of inspection and the items inspected. The TM does not structure the

inspection process. The test phase using TED and the TM terminated when visual inspection was

complete or when 60 min elapsed. The maximum time on test for a participant was thus limited to

120 min.

For each subject, and for each device (TED vs. the TM), a time history of fault detection was

recorded:

TM: Start (fault, time) _(fault, time)_ --- End (Complete/60 min)

TED: Start (fault, time) _ (fault, time)___ --- End (Complete/60 min).

These data were recorded by an observer stationed at each engine. The observer's task was to collect data

without interacting with or coaching the mechanic on test. Although TED has the facility to record a time

history automatically, most observers continued to record data manually and include anecdotal remarks

which, although not part of the data analysis, were still of qualitative value. Data collected in this format

2



will support determination of the myriad descriptive statistics which may be of interest as well as

facilitating more specialized statistical analyses.

2. TECHNICAL DISCUSSION

2.1 Summary Statistics. The initial analysis of the data from the field test was one of an exploratory

nature. Sample means and standard errors were computed for all relevant variables in the analysis. The

measure of performance was the percent of faults detected. Also measured was the total amount of time

spent by the technician in the repair effort.

Most importantly, we see a mean percent correct of 51% for the TED software and 26% for the TM

in Table 1. We also see a similar increase in percent detection at each skill level as indicated in

Tables 2-4. At the highest level, which consists of soldiers with ranks of E6-E7 (denoted skill level 1),

we see an increase from 42% correct for the TM to 58% correct for TED. At the medium skill level (E5,

skill level 2), we see an improvement in percent detected from only 11% for the TM to 42% for TED.

Finally, at the lowest skill (E1-E4, skill level 3), we see an increase from 26% to 52%.

It is noteworthy that in the field test, the lowest skill level (EI-FA) actually outperformed the medium

skill level (ES). The skill level 3 technicians averaged a 39% correct score over both methods compared

to an average 26% correct for skill level 2. The highest skill level (E6-E7) averaged 50% correct.

From the summary statistics, we also see a much higher mean length of time spent on repair with TED

than with the TM. The mean time spent on repair for each device is shown in Table 5. The average time

spent by a technician on repair with TED was 49 min compared with an average of only 20 min with

the Th. This longer time length may help explain the superiority (in terms of detection ability) of TED

over the TM. TED seems to encourage the technicians to spend more time on solving the problem

(perhaps because it is less frustrating than the TM).

Also from the summary statistics, we see that the observed difficulty of the faults does not appear to

be the same. Certain faults seemed easier to detect than others. The easiest appeared to be faults No. 2

and No. 11, which were detected about three-fourths of the time. The most difficult faults appeared to

3



Table 1. Summary of Assigned Faults Detected-All Skill Levels Combined

Device No. Assigned J No. Detected j Percent Correct

TM 97 25 26

TED 97 49 51
- I I III

Table 2. Summary of Assigned Faults Detected-Skill Level 1

Device No. Assigned No. Detected Percent Correct

TM 31 13 42
TED 33 19 58

Table 3. Summary of Assigned Faults Detected-Skill Level 2

Device No. Assigned No. Detected Percent Correct

TM 35 4 11

TED 33 1 14 42

Table 4. Summary of Assigned Faults Detected-Skill Level 3

Device No. Assigned No. Detected Percent Correct

TM 31 8 26

TED 31 16 52

Table 5. Mean Time Spent on Repair

Device Time for Repair
(min)

TED 49.33

TM 19.89
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be No. 13t and No. 15,tt which were never detected. The complete table of means for the faults is shown

in Table 6. A list of fault codes is included in the appendix.

Table 6. Percent Correct for Each Fault

Fault No. jNo. of Observations Percent Correct

2 8 75

3 15 40

4 8 50

5 8 63

6 22 23

8 7 43

9 14 57

11 15 73

13 15 0

14 8 50

15 8 0

16 7 57

17 8 63

19 8 63

21 7 14

24 7 14

25 14 8

28 8 13

29 7 57

t Fault No. 13 (loose nut on Frs cable mounting bracket) required the mechanic to assume an awkward position to detect.

tt Fault No. 15 (fuel in the underside of the PTS actuator) was compromised when the fuel evaporated.
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The mean rates of detection for each of the installed faults is further broken down by device used in

Table 7. Here we see that the improvement in fault detection with TED over the TM varies from fault

to fault. TED appears to have great improvement over the TM on faults No. 5, No. 6, No. 17, and

No. 19. The TM appears to outperform TED for some faults, especially No. 14. It turns out that these

faults are the ones whose differences in percent correct (TED vs. the TM) are statistically significant.

Finally, Table 8 shows the mean percent correct for each device type by order position. By order

position, we mean whether the repair effort was the first of the day for the technician or the second. In

general, we see that the mean percent correct for the second test is sligh'iy lower than for the first test.

This may be due to a "fatigue" effect. That is, the second engine repaired may have had a lower percent

correct because of fatigue on the part of the technician. However, this overall decrease is not statistically

significant.

Initially, there was a concern that a "learning effect" would occur. That is, it was suspected that

technicians who had used TED first would get a higher percent detected with the TM than those

technicians who had used the TM first because they would have learned something from having used TED

first. From Table 8, we see that the mean percent correct for the TM actually dropped slightly from 28%

correct to 24% correct when it was preceded by using TED. Whether preceding TED or not, it appears

that the two devices differ by about 25 percentage points. Thus, from the table of means, it appears that

no "learning effect" has occurred. Surprisingly, we see later that there is, in fact, evidence of a learning

effect when we adjust for the effect of another variable, the difficulty of fault detection. The implication

for is discussed later in the report.

2.2 Probabilistic Models. Because the data were generated from a cross-over design, the usual factors

to consider would be the device effect (TED vs. the TM), the skill level, and the order position of the test.

Also one might wish to block on subjects (technicians) or days to remove extra variability. Initial

analyses, however, showed these blocking factors to be nonsignificant, and they were dropped from future

models.

The DEVICE, SKILL, and ORDPOS (order position) factors were included in a model using the

proportion correct as the response. A linear weighted least-squares model and a logistic model were both

fit, giving essentially similar results. The analysis of variance (ANOVA) table for the logistic regression

is shown in Table 9.
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Table 7. Percem Correct by Device Type for Each Fault

No. of Percent
Fault No. )evice Observations Correct

2 TM 4 50
_____ TED 4 100

3TM 4 50

_ _ _ TED 11 36

4 TM 4 25
TED 4 75

5 TM 4 25
TED 4 100

6 TM 11 0
TED 11 45

8 TM 7 43
TED 0 -

9 TM 7 43
TED 7 71

11 TM 4 50
TED 11 82

13 TM 11 0
TED 4 0

14 TM 4 100
TED 4 0

15 TM 4 0
TED 4 0

16 TM 0 -
TED 7 57

17 TM 4 25
TED 4 100

19 TM 4 25
TED 4 100

21 TM 7 14
TED 0 -

24 TM 0 -
TED 7 14

25 TM 7 0
TED 7 14

28 TM 4 0
TED 4 25

29 TM 7 57
TED 0 -

7



Table 8. Percent Correct by Device Type for Each Order Position

Order Position Device Percent Correct

First TM 28
TED 53

Second TM 24
TED 48

Table 9. ANOVA Table for Initial Model

Source DF Chi-Square P-Value

Intercept 1 11.39 0.0007

SKILL 2 8.49 0.0143

DEVICE 1 12.24 0.0005

ORDPOS 1 0.15 0.6956

SKILL*DEVICE 2 2.05 0.3593

SKILL*ORDPOS 2 1.79 0.4080

DEVICE*ORDPOS 1 0.05 0.8305

LIKELHD RATIO 2 3.20 0.2015

We see a significant effect for device used and skill leveL That is, the use of TED or the TM made

a significant impact on the proportion correct as did the skill level of the technician. The effect of order

position was not significant. Interaction effects in this model, including the DEVICE*ORDPOS

interaction, were also not significant. This means that, for this model, the effect of device does not depend

on the level of order position, and, hence, there appears to be no learning effect Note, however, that the

effect of difficulty of fault detection has not yet been incorporated into the model.

One of the assumptions of the field test was that the difficulty of detection of each of the faults was

constant. That is, no fault was easier to detect than any other. However, this assumption is not supported

by the data. Models with the assigned fault as a variable (called AFLT) showed a significant effect on

8



the proportion cnrrect from this variable. This implies that the mean detection rate for each fault is not

the same.

In order to deal with this assumption violation, another model which included the AFLT as a factor

was fit. The ANOVA table for this model is shown in Table 10. The idea was to determine if the device

effect was still significant when the effect of fault difficulty was removed from the model. Again, a linear

weighted least-squares model on the proportion correct along with a logistic model was fit. The results

were again similar with the two models. Since the cell frequencies are relatively small for this model

(there are 19 AFLT levels), the linear weighted least-squares ANOVA table is shown.

Table 10. ANOVA Table for Adjusted Model

Source DF Partial-F P-Value

SKILL 2 19.03 0.0001

DEVICE 1 10.72 0.0014

AFLT 18 3.86 0.0001

ORDPOS 1 0.63 0.4298

SKILL*DEVICE 2 4.47 0.0135

SKILL*ORDPOS 2 0.94 0.3926

DEVICE*AFLT 13 2.02 0.0248

DEVICE*ORDPOS 1 5.48 0.0210

ERROR 153

We see, most importantly, that the device effect remains significant in this model. That is, even when

accounting for the differential difficulties of the faults, TED still is superior to the TM. We see, as before,

a significant effect from skill level. The effect of assigned fault is also evident.

However, we also see in this model a significant device by assigned fault interaction effect. This

means that the effect of device on the proportion correct depends on the fault involved. That is, TED's

improvement over the TM depended upon which fault was considered. We saw evidence of this effect

in the summary statistics in Table 10. Specifically, it appears that TED does best over the TM for faults

9



in the summary statistics in Table 10. Specifically, it appears that TED does best over the IM for faults

No. 5, No. 6, No. 17, and No. 19. Alternatively, the TM appears to perform best over TED for fault

No. 14.

There is also a significant device by skill effect in the model. This indicates that the effect of the

device depends upon the level of skill. As mentioned in section 1, it appears that technicians with a lower

mean detection rate on the TM are most helped by TED while those with a higher mean detection rate

for the TM are helped least. However, there does appear to be a benefit from TED over the TM even for

the more highly skilled technicians.

Note that the DEVICE*SKILL effect was not significant in the initial model summarized in Table 9.

The interpretation is then that the "extra" advantage of TED over the TM for lower skilled technicians was

not seen in the first model because its effect was masked by the differential effects of fault difficulty.

From the adjusted model, we also see a significant device by order position (DEVICE*ORDPOS)

interaction effect. This implies that the effect of device type depends on the order position. Specifically,

for the first-order position, the model predicts a larger advantage of TED over the TM than for the second-

order position. That is, TED's advantage over the TM was more pronounced during the first time period

than during the second. But since technicians using the TM in the second time period had already had

access to TED (im the first time period), this better performance of the TM may actually be the result of

something the technicians learned from the TED the time period before. This is the suspected "learning

effect" mentioned earlier. If this is truly the result of a learning effect, then the evidence for the

superiority of TED over the TM is actually greater than it appears. However, since the advantages of TED

over the TM is already overwhelming, the importance of any learning effect is small.

Again, this interaction effect was not significant in the earlier model because of its lack of adjustment

for fault difficulty.

3. RESULTS SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Clearly, we see a benefit from the TED software over the currently used TM. This benefit cannot be

attributed merely to differences in skill levels, difficulty of fault detection, or the order of tests. The

benefit from TED software is strongly evident.

10



There is some indication that the benefits of TED over the TM may depend upon the fault in question.

However, the sample sizes for each of the 19 faults used were quite small, and conclusions about the

specific faults on which TED performs better or worse should be made with caution. Another experiment

to study this specific question would be advised, especially since this experiment was not designed to

answer that question.

There is clearly a benefit from TED for all skill levels although there is .some evidence that lower

skilled technicians may benefit more from TED than do higher skilled ones. Since none of the technicians

had extensive experience on the MI Abrams MBT, we cannot infer what the benefits of TED would be

for technicians experienced on the MI.

The TED software appears to roughly double the chances of detecting a fault over the TM. This may

be in part because technicians spend, on average, a longer amount of time on repair with TED than with

the TM. The increased diagnostic time is far outweighed by the attendant superiority in fault

identification.

In summary, there is very strong statistical evidence from the field test at Fort Stuart to support the

use of TED software over the TM in the repair of the MI Abrams MBT.
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APPENDIX:

LIST OF FAULT CODES
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LIST OF FAULT CODES

1. Loosen inside plenum seal clamp.

2. Remove nut(s) from one of the bolts retaining the foreign object damage (FOD) screen.

3. Remove the TI sensor.

4. Disconnect inlet guide vane (IGV) return spring.

5. Loosen reduction gear box (ROB) air line clamps.

6. Put oil in hydraulic pump seal area to simulate a leaking seal.

7. Loosen line at fuel cutoff solenoid.

8. Remove pins from both IGV and power turbine stator (PTS) solenoid at the electromechanical fuel
system (EMFS).

9. Remove a bolt from the fuel pump.

10. Loosen air bleed nut at the fuel inlet feed line.

11. Remove a bolt from the fuel nozzle and loosen two others.

12. Loosen nut on PTS cable (mount).

13. Loosen nut on PTS cable mounting bracket.

14. Disconnect PTS cable rubber boot.

15. Put fuel in the underside of the PTS actuator.

16. Put oil on the No. 5 and (or) No. 6 oil lines.

17. Remove several bolts (4-5) from exhaust duct.

18. Loosen or tighten (unadjust) the air bleed bolt.

19. Remove the air bleed spring.

20. Loosen engine/transmission mounting bolts.

21. Remove oil cooler lines mounting brackets.

22. Remove a few of the rear module drain lines.

23. Loosen oil lines on oil reservoir.

24. Remove oil reservoir mounting pin safety clip.

25. Put foreign particles on the chip collectors.

26. Loosen fuel quick disconnect (QD).

27. Put oil around the base of the oil filter.

28. Squirt fuel into the EMFS weep hole.

29. Remover cotter pin from strut assembly.
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