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SUMMARY

Background

Data from the field and from the formal schools indicate that troubleshooting skills
do not transfer from one system to another and that retraining becomes necessary
whenever technicians are assigned to maintain an unfamiliar system. Detaching personnel
from their units to send them back to school results in loss of operational readiness and
excessive costs. A way to avoid both the excessive costs and the loss of operational
readiness is needed.

Purpose

This effort was conducted to review the literature on troubleshooting training, assess
the effectiveness of current methods, and establish a basis for further research.

AEEroach

This literature search focused on data regarding the individual skills needed for
successful fault isolation with emphasis on the training issues involved. Four sources were
consulted: PSYCHINFO (the online data base from the Psychological Abstracts), the NTIS
data base, the personal files of the authors, and personal and professional contacts.
Literature that did not specifically involve training issues, including the use of job aids,
was not reviewed. About 80 reports and articles relevant to troubleshooting, problem
solving with test equipment, problem solving in technical schools and that presented
actual performance data were examined.

Results and Conclusions

The successful troubleshooter must be able to (1) repair and replace components, (2)
conduct tests, and (3) select an appropriate strategy. The last area seems to pose the
greater challenge to instructional designers seeking to facilitate transfer of training. The
themes arising in the literature with regard to selection of strategies are that (1) humans
are not good at judging probabilities, (2) performance degrades as systems become larger
and more complex, (3) performance degrades also in the face of time constraints, (4)
presentation of theory of operation generally does not improve performance, and (5)
proceduralization improves performance. Because recent research does not address the
problems of transfer of training, the utility of high-technology troubleshooting training
techniques in the real world has not been demonstrated.

Recommendations

Troubleshooting research studies need to concentrate on ways to proceduralize the
troubleshooting task, instill the use of effective algorithms and heuristics, and provide
effective practice in logical troubleshooting. The prerequisites for effective transfer of
training to the actual equipment also need close attention.

vii
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HUMAN FACTORS, 1985, 27(5), 503-530

Review and Evaluation of Empirical Research

in Troubleshooting

NANCY M. MORRIS and WILLIAM B. ROUSE, Search Technology, Inc., Norcross, Georgia

Following an analysis of task requirements for successful troubleshooting, this paper con-
siders human abilities, limitations, and inclinations with respect to troubleshooting. Re-
search on the effects of various approaches to the training of troubleshooting is reviewed.
The extent to which troubleshooting performance is influenced by instruction is highly re-
lated to the level of explicitness of action-related information provided. An approach that
forces people to use their system knowledge explicitly is a promising alternative to explicit
instruction in algorithms or diagnostic heuristics, but such an approach is not supported by
data from transfer studies. A combination of the two approaches may be the most effective
means of teaching troubleshooting, and research evaluating the soundness of this idea

should be conducted.

INTRODUCTION

The task of troubleshooting may be de-
scribed rather simply. Given that a system is
not functioning properly, the troubleshooter
must attempt to locate the reason for the
malfunction and must then repair or replace
the faulty component. The level of specificity
with which the source of the problem is iden-
tified depends on the troubleshooter’s role
and the current demand characteristics of
the situation. For example, the trouble-
shooter may elect to replace a component or
module, or perform some compensatory ac-
tion to enable the system to continue func-
tioning temporarily.

What skills are required to troubleshoot?
Insight into the abilities necessary may be
gained by considering what the trouble-

shooter is expected to do. If repair of the
system is expected, then the troubleshooter
must be able to repair or replace system com-
ponents. Depending on the actions required
to do so, various abilities may be needed. For
example, the troubleshooter may be expected
to identify components, use hand tools ap-
propriately, and/or perform relatively simple
actions, such as soldering a connection. The
ability to replace/repair system components
is largely system-specific, particularly if
components must be identified. Skills re-
quired are generic to the extent that the
systems encountered by the troubleshooter
contain similar components and require the
use of the same tools.

It seems possible, at least in principle, that
someone having only the ability to replace
parts could successfully troubleshoot a
system. The troubleshooter could simply re-
place parts until the system was repaired. Of
course, if the malfunction involved adjust-
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ment problems rather than defective compo-
nents, this approach would not be successful.
In addition to these limiting conditions, a re-
place-until-fixed approach would often be
undesirable because of the accompanying ex-
pense of repairing the system; a number of
unnecessary replacements would be expected
to occur if such an approach were used.
Therefore, the ability to make tests in order to
eliminate components from consideration is
desirable in a troubleshooter.

There are several important aspects of
making tests. The troubleshooter should be
able to identify the tests that would supply
the information desired, identify and access
test points, select and use test equipment ap-
propriately, and make inferences as to the re-
sults of each test (e.g., the component is good
or bad, or the reading is abnormally high or
low). As with the ability to replace or repair
components, the ability to make tests is
system-specific in many respects (e.g., the
ability to identify test points and make infer-
ences as to whether a given reading is off or
normal). Abilities required to make tests are
generic to those systems in which similar
tests may be made. For example, the use of
an oscilloscope may be very useful in a va-
riety of electronics troubleshooting problems
but may not be helpful at all in diagnosing
problems in a chemical plant.

There is another ““ability’ that seems to be
helpful in troubleshooting. This is the ability
to search for the problem in a systematic
manner—in short, to employ some kind of
strategy in searching for the source of the dif-
ficulty. Depending on the strategy selected,
other abilities are required. Troubleshooting
strategies may take many forms, from simply
starting with the component nearest to the
troubleshooter and tracing back to the
source of the problem, to generating hypoth-
eses based upon knowledge of the system and
symptoms and identifying tests to confirm or
reject those hypotheses. Troubleshooters
may also employ heuristics (i.e., rules of
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thumb that are useful for solving a problem),
adopt a half-split or bracketing approach, or
follow a predetermined set of procedures. In-
tuitively, it seems that troubleshooting strat-
egies have more potential generality than
does knowledge of how to make tests or re-
place parts, although troubleshooting strate-
gies may be very system-specific (e.g., testing
a particular component first because it has a
high failure rate).

Good versus Poor Troubleshooters

The importance of these three general abil-

ities to successful troubleshooting is illus-

trated by the results of studies in which effec-
tive and ineffective troubleshooters have
been compared. For example, Saupe (1954)
observed technicians repairing radio re-
ceivers and noted that poor troubleshooters
had more incorrect hypotheses and pursued
incorrect hypotheses longer than did good
troubleshooters. They were also less likely to
recognize critical information as such and
tended to make fewer checks before ac-
cepting a hypothesis as correct. There were
no apparent differences between good and
poor troubleshooters in their ability to per-
ceive symptoms completely and correctly.
Both groups made approximately the same
number of errors using test equipment and
they duplicated checks equally often.

Saltz and Moore (1953) observed techni-
cians who had been classified by their super-
visors as either good or poor troubleshooters,
and they noted several strategic hindrances
to effective troubleshooting. Ineffective trou-
bleshooters tended to avoid difficult checks,
made difficult checks when simpler checks
would have been sufficient, made repeat
checks needlessly, made irrelevant checks,
and omitted relevant checks. Saltz and
Moore also observed that good trouble-
shooters knew more about the functioning of
the equipment and were better able to use
test equipment properly.

Highland, Newman, and Waller (1956) re-
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ported that successful and unsuccesstul trou-
bleshooters required approximately the same
amount of time to solution and made the
same number of tests, but that they differed
in the tests they made. Good troubleshooters
made fewer repetitive checks involving varia-
tion of controls, and more repetitive checks of
other types. They were also more likely than
were poor troubleshooters to use schematics
on the problems they missed, and they gener-
ally appeared to use a more varied attack in
solving problems.

Baldwin (1978) summarized research ana-
lyzing radar mechanics’ weaknesses, and re-
ported a number of differences between ef-
fective and ineffective mechanics. For ex-
ample, ineffective mechanics made fewer
checks involving manipulation of control set-
tings and generally failed to observe all gross
symptoms. In contrast, they used schematics
earlier and more frequently than did effective
mechanics, and they made more circuitry
checks and measurements involving test
equipment. After localizing a problem, inef-
fective mechanics spent more time before at-
tempting replacement, required a longer
time to find physical locations of compo-
nents, and made more errors in repair or re-
placement of components. Once repair was
complete, ineffective mechanics did less
checking to verify repair and failed more
often to return the system to operational
status.

Similar observations have been noted by
Glaser and Phillips (1954), Moore, Saltz, and
Hoehn (1955), and McDonald, Waldrop, and
White (1983). As an interesting note, Glaser
and Phillips reported that although failure to
solve problems was associated with strategic
shortcomings, such as insufficient relevant
tests, more than 20% of all such failures
could be attributed to faulty inferences (i.e.,
misinterpretation of an appropriate test).

Summary. It is possible to summarize the
characteristics of poor troubleshooters rela-
tive to the three general abilities cited as

October, 1985—505

being important for successful trouble-
shooting. With respect to repair and replace-
ment of components, ineffective trouble-
shooters demonstrated a lack of elementary
knowledge and were poor in executing and
verifying the results of their work. When per-
forming tests, poor troubleshooters made
fewer useful tests and more useless tests and
were inconsistent in their consideration of
test difficulty. The strategic behavior of poor
troubleshooters was characterized by incom-
plete and inappropriate use of information,
ineffective hypothesis generation and testing,
and generally less strategic flexibility.

Training Requirements

If we accept the necessity of being able to
repair or replace components, perform tests,
and employ a strategy, then those respon-
sible for training troubleshooters must pro-
vide training in three broad areas. Strategic
training would seem to pose the greatest con-
ceptual challenge to the instructor. Repair
and replacement training seems relatively
straightforward; trainees must be able to re-
pair or replace those components that re-
quire it. Training persons to perform tests
seems more complicated, particularly if the
results of several tests must be assimilated in
order to make inferences, but such training is
at least constrained by the number of pos-
sible tests.

By comparison, one has a great deal of lati-
tude in approaching strategic trouble-
shooting training. In order to proceed, one
must answer a number of questions. For ex-
ample, should people be trained to employ a
particular strategy or should they be allowed
to discover their own strategies within some
envelope of acceptability? If the use of a par-
ticular strategy is desired, can people be
taught to use it? What is the best way to
teach a given strategy? And finally, what
strategy should be taught?

The answer to the last question is compli-
cated by the fact that there is no single ap-



506—October, 1985

proach that is appropriate to all situations.
The best strategy for a given situation de-
pends on the degree to which use of a given
strategy can enable the troubleshooter to
meet current performance criteria and the fa-
cility and willingness with which the human
troubleshooter may be expected to employ
the approach.

With respect to performance criteria, it is
possible to imagine four goals: speed, accu-
racy, low cost, and efficiency. The goal of effi-
ciency is probably most appropriate as a
subgoal for speed and/or cost, since mini-

mizing the number of tests may in turn be a~

way of achieving these goals. Obviously the
criteria noted here are not orthogonal, and
all seem desirable. At any given time, how-
ever, trade-offs may be made as to which cri-
terion is dominant, and this may determine
which troubleshooting approach should be
adopted. For example, if time is of the es-
sence or the risks associated with inaccuracy
are high, saving the cost of a spare part
should not be uppermost in the trouble-
shooter’s mind. On the other hand, if the pace
is more leisurely, the troubleshooter may be
more concerned about the cost of repair.

HUMAN ABILITIES, LIMITATIONS,
AND INCLINATIONS

The troubleshooter’s ability to employ a
given strategy is related to human informa-
tion-processing abilities and limitations. It is
important that the human’s abilities be con-
sidered because of the errors that may occur
as a result of a mismatch between abilities
required and abilities available. For ex-
ample, suppose it is determined that a half-
split approach, which allows maximum in-
formation gain per test, is theoretically the
best approach for a given problem. If the
troubleshooter has difficulty in identifying
the set of remaining alternatives following a
test, then errors could result in a loss of effi-
ciency and incorrect inferences. Insight into
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characteristics of human information-pro-
cessing that may affect the troubleshooting
process may be gained from studies in which
people were observed as they solved
problems.

For the most part, the studies reviewed in
this section involved the solution of relatively
simple, low-fidelity troubleshooting
problems. Although a variety of media were
employed (paper-and-pencil tasks, computer-
based simulations, and in a few cases, actual
hardware), a characteristic common to many
of these problems is that they were context-
free, or generic. In other words, they were not
intended to be representative of any partic-
ular system. For example, in the case of a
paper-and-pencil or computer-generated
task, “components” might simply be unla-
beled rectangles, with lines between rec-
tangles representing functional connections.
Typically, subjects attempted to locate faulty
components by requesting information about
the quality of component inputs and/or
outputs.

Effects of Visual Characteristics

One insight gained from these studies is
that performance may be affected by the vi-
sual characteristics of the problem. Dale
(1958) presented college students with a
simple paper-and-pencil troubleshooting
task and found that initial tests tended to be
in the middle of the picture, without regard
to functional relationships between compo-
nents. Students also made frequent tests at
bends in component chains, even though
such features were irrelevant to component
outputs. Dale also noted that his students
tended to adopt a pattern-like strategy when
searching for a faulty component among
unrelated components; however, no such
strategy was observed when students were
not shown a picture but performed the analo-
gous task of guessing which letter of the al-
phabet was being thought of.
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Brooke and Duncan (1981) studied the
troubleshooting behavior of college students
as they solved computer-based problems.
Connections between components were de-
picted as straight diagonal lines or as
crooked lines composed of vertical and hori-
zantal segments, and “‘flow” through connec-
tions could be either left-to-right or uncon-
strained. Troubleshooting was faster and
fewer diagnostic errors were made when con-
nections were straight lines and flow was
left-to-right only.

Rigney and Hoffman (1961) noted that vi-
sual clutter had no effect upon subjects’
ability to solve paper-and-pencil trouble-
shooting problems. However, Elliott (1965)
reported differences in high school students’
performance on paper-and-pencil problems
related to the format of the troubleshooting
aid (i.e., procedures) provided. Accuracy was
greater when subjects used a block diagram
rather than a list of actions to take. Problems
were also solved more quickly and accurately
when the level of detail of the aid was no
greater than necessary to solve the problems.

Although all of these studies used simple
simulated tasks, the effects that irrelevant
problem characteristics may have upon
troubleshooting performance are not limited
to the laboratory. Wohl (1961) noted that dif-
ferences in system down time were asso-
ciated with differences in “packaging tech-
niques.”

Effects of System Complexity and
Time Constraints

Troubleshooting performance may be de-
graded by the size and complexity of the
system. Brooke and Duncan (1981) noted that
increasing the number of components in
their generic troubleshooting task resulted in
more diagnostic errors made by subjects.
Rouse (1978a, 1979b, 1979c¢), using a task
similar to that employed by Brooke and
Duncan, reported that subjects departed
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from optimal (i.e., did not achieve the max-
imum reduction of the number of alterna-
tives with each test) and took longer to solve
problems as network size increased.

Goldbeck, Bernstein, Hillix, and Marx
(1957), using a paper-and-pencil task, found
that more tests were made as the number of
relevant relationships between component
chains increased. Rouse and Rouse (1979) re-
ported that the amount of time subjects re-
quired to solve context-free problems was
highly correlated with the number of rele-
vant functional relationships that must be
considered. McDonald et al. (1983) noted
similar increases in time required and
number of probes made accompanying in-
creases in the complexity of actual elec-
tronics boards.

As with visual characteristics, the effects of
system complexity are apparently similar
across a variety of systems. Wohl (1982) ex-
amined available data on time required to
repair various systems and devised a model
to predict system repair time. One of the pa-
rameters of that model is a complexity index,
based upon the number of relevant relation-
ships between components.

Feedback loops also appear to present
problems for troubleshooters. Rouse (1979a)
observed the troubleshooting behavior of
four students as they attempted to locate
faults in a simple network of components
containing feedback loops. A model was then
developed to match their behavior. One im-
portant parameter of the model, which ap-
peared useful in distinguishing strategies,
was the degree to which information in feed-
back loops was used. Two subjects seemed to
ignore the feedback loops and made more in-
correct diagnoses than did the other two. Al-
though the results of this study are not strong
enough to warrant drawing definitive con-
clusions, the notion that feedback poses
problems for troubleshooters is one with
which many instructors will agree.



508—October, 1985

As a final characteristic, it is possible to
note that humans’ strategies may be affected
by time constraints. Rouse (1978a) varied the
amount of time in which subjects were al-
lowed to solve simulated troubleshooting
problems. As less time was allowed, the
number of tests made by subjects departed
from optimal. This effect was observed even
when the amount of time allowed was
greater than the average amount of time that
self-paced subjects had previously required
to solve the problems.

Generation of Hypotheses

Many approaches to troubleshooting re-
quire the troubleshooter to hypothesize
about the possible causes of symptoms. There
is some evidence to suggest that people may
have difficulty in generating complete sets of
hypotheses. Mehle (1980) presented experi-
enced and novice mechanics with scenarios
describing automobile problems and asked
them to identify all of the potential causes of
these problems. While doing so, subjects gen-
erated verbal protocols, which were re-
corded. Their lists of hypotheses were gener-
ally incomplete; yet, subjects were frequently
overconfident about the completeness of
their lists. Gettys, Manning, Mehle, and
Fisher (1980) reviewed a series of related ex-
periments using a variety of problems (in-
cluding Mehle's study) and reported similar
results. They also observed that subjects
seemed to check hypotheses for logical con-
sistency with available information.as they
were generated.

Use of Negative Information

There is some evidence to indicate that
during the course of troubleshooting, people
use positive information (i.e., information
about bad outputs) but do not take account of
negative information (i.e., information about
what has not failed). Rouse (1978b) presented
a fuzzy-set model of subjects’ performance in
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solving simulated troubleshooting tasks. Al-
though parameters for inclusion in both fea-
sible and infeasible sets (i.e., components
that could and could not be the failure) were
included, only the parameter related to the
criterion for inclusion in the infeasible set
was sensitive to differences in performance.

Use of Probabilistic Information

If the sampling behavior of troubleshooters
may be used as an indication, then people
cannot be viewed as purely Bayesian when
evaluating hypotheses. In an experiment con-
ducted by Bond and Rigney (1966), Navy
technicians were asked to judge the proba-
bilities of occurrence of various symptoms if
certain malfunctions should occur. The re-
sulting fault-symptom matrices were then
used in conjunction with Bayes’ theorem to
predict the sequence of checks that would be
made when performing a simulated trouble-
shooting task. Predictions were in agreement
with actual behavior approximately 50% of
the time. It was also noted that the degree to
which troubleshooting performance was
Bayesian was moderately related to the accu-
racy of the initial fault-symptom matrix gen-
erated.

Troubleshooters apparently experience
some difficulty in judging the likelihood that
various components will fail. Mills (1971)
presented subjects with a simple chain of
components and asked them to locate the
faulty one. Over the course of the experiment,
he employed different distributions to deter-
mine the probability of failure for each com-
ponent. Search strategies employed by sub-
jects appeared to be “statistically logical”
but were not optimal; over time, subjects ap-
peared to take the current failure proba-
bilities into account, except when the most
likely failure was at either end of the chain.

Related information is available from Sto-
lurow, Bergum, Hodgson, and Silva (1955).
Prior to implementing a proposed approach
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to strategic training, it was necessary to ask
instructors to judge the probabilities with
which components in aircraft power plants
would fail. The approach was not imple-
mented because sufficient agreement be-
tween instructors could not be reached.

Individual Differences

A number of the studies reviewed reported
that performance was substantially related
to individual differences, which often re-
sulted in interactions with training tech-
niques. The influences of three variables have
been systematically studied. These are the
variables of experience, relevant abilities,
and cognitive style.

Experience. It is not surprising that differ-
ences in performance related to experience
have been observed. After all, it has often
been said that practice makes perfect. The
role of experience is discussed here because
some of the research reports present findings
that are not intuitively obvious.

Vineberg (1955/1968) compared the abili-
ties of field-experienced mechanics and re-
cent training school graduates to repair the
AAFCS M33 radar. As might be expected, the
experienced personnel scored much higher
than did the novices on a performance test in
which speed of repair was emphasized. An in-
teresting feature of this report was a discus-
sion of the relative speed with which various
performance components were acquired.
“Energizing and operation” skills were ac-

quired very early, being demonstrated by’

mechanics of all experience levels. “Field ad-
justment and preventive maintenance’’ was
acquired somewhat later, becoming rela-
tively stable after 1 to 6 months of experi-
ence. “Troubleshooting” developed over a
long period of time, continuing to improve
through the highest reported experience level
of 25 to 48 months. Two interpretations of
these differences are possible. One is that
these performance components are acquired
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at different rates and thus require different
amounts of practice; the other is that daily
experience afforded these mechanics less op-
portunity for troubleshooting practice, so
that various skills were acquired at different
times.

Apparently the ability to learn from experi-
ence also improves with experience. Rouse
(1979b, 1979c¢) reported that students in the
last semester of an aircraft maintenance
training course showed positive transfer
from an aided to an unaided version of a
simple, context-free troubleshooting task.
(Aiding consisted of identifying those alter-
natives that had been logically eliminated by
tests.) No such effect was found for first-se-
mester trainees. Note that the experience
variable in this research was general trouble-
shooting experience within a domain and not
amount of practice on the experimental task.

Hunt and Rouse (1981) again noticed dif-
ferences in first- and last-semester trainees in
transfer to a context-specific troubleshooting
task (which is described in a later section of
this paper). Last-semester trainees obtained
more information per test in the context-spe-
cific problems after training with the aided
context-free task. First-semester trainees
showed negative transfer, obtaining less in-
formation per test. Hunt and Rouse attrib-
uted these differences to probable differences
in the way the aiding was perceived. The
more experienced subjects viewed the aid as
helping them, and they were able to deter-
mine the principles used by the aid and em-
ploy them in an unaided situation. The less
experienced subjects simply viewed the
aiding as a way to make the task easier for
them, and did not learn the aiding principles.

Although experience has been shown to be
an important factor affecting trouble-
shooting performance, differences in perfor-
mance as a result of experience are less ap-
parent as more troubleshooting guidance is
provided. Potter and Thomas (1976) found
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that maintenance technicians with experi-
ence of six months or less solved fewer
problems and used more spare parts than did
more experienced personnel. However, these
differences were observed only when the
problems were accompanied by standard
technical orders. When troubleshooting pro-
cedures were available, no experience-re-
lated differences were observed. Similar re-
sults were noted in a study by Elliott and
Joyce (1971) in which high school students
using a troubleshooting guide were able to
identify faults in electronic equipment as ef-
fectively as Air Force technicians using tradi-
tional manuals.

Abilities and aptitudes. Duncan (1971) noted
a difference between subjects with high
ability and low ability in their retention of
skills learned via troubleshooting a paper-
and-pencil simulation with a decision tree.
Subjects were classified as having high or
low ability on the basis of their pretraining
performance of the task. Over a period of 182
days following the removal of the decision
tree, performance of the low-ability subjects
degraded, whereas performance of the high-
ability subjects remained approximately the
same. Duncan attributed this to probable dif-
ferences in the way subjects learned the task.
He hypothesized that those people with good
retention had learned the rules governing de-
cision tree choices (i.e., a half-split ap-
proach), whereas those with poor retention
had learned the series of steps by rote.

Goldbeck et al. (1957) observed differential
effects of instructions upon performance, de-
pendent upon problem characteristics and
individual differences. In evaluating the ef-
fects of different types of instruction upon
subjects’ ability to solve paper-and-pencil

troubleshooting problems, they noted that

instructions on how to perform a half-split
test were sufficient to enable subjects to solve
simple problems. For more complex
problems, however, differences in subjects’
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performance were related to scores on a
“problem-solving” test administered at the
end of the experiment. Subjects scoring high
on that test were still able to solve complex
problems with the half-split instructions;
low-scoring subjects were able to solve the
complex problems only if given additional
instructions and practice in identifying the
feasible set of alternatives.

Elliott (1965) presented high school boys
with performance aids varying in both form
(i.e., a list or a block diagram) and level of
detail. The boys then attempted to use the
aids to solve simulated troubleshooting
problems. No systematic differences in speed
were observed, but boys with high aptitude
(scores of 75-95 on thg: AFQT-F) were more
accurate than those with medium aptitude
(scores of 40—60). There was also an interac-
tion of aptitude and level of detail of the aid;
the low-aptitude group had particular diffi-
culty in using the aid with a high level of ex-
traneous detail.

In a later experiment, Elliott (1967) pro-
vided high school juniors with a trouble-
shooting guide and observed them as they at-
tempted to solve MTS-2 problems. (The
MTS-2 is a hardware generic electronic
system.) Subjects were classified as having
high or medium aptitude on the basis of the
AQE (scores of 80~-95 and 50-65, respec-
tively). High-aptitude subjects were slightly
better at correctly isolating faulty modules
and components. This difference was attrib-
uted to their following the troubleshooting
guide more closely.

In 1968, Elliott and Joyce reviewed the re-
sults of six studies investigating variables re-
lated to the design and use of job perfor-
mance aids. (The two previously noted
studies by Elliott were included in this re-
view.) The following relationships between
aptitude and performance were noted. First,
speed of performance did not appear to be re-
lated to aptitude except in one study in-
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volving paper-and-pencil troubleshooting
tasks and “ambiguous’ test results. In that
study, high-aptitude subjects (scoring above
75 on the EL scale of the AQE-F) were faster
than medium-aptitude subjects (scoring be-
tween 40 and 65). Second, high-aptitude sub-
jects were found to be slightly more accurate
than medium-aptitude subjects in solving
paper-and-pencil problems. Finally, no dif-
ferences between high- and medium-aptitude
subjects were observed in their ability to
troubleshoot actual equipment. Elliott and
Joyce attributed the failure to find a differ-
ence in the latter case to the variety of abili-
ties other than cognitive skills that are re-
quired in actual troubleshooting.

An alternative explanation for the general
lack of a clear difference between high- and
medium-ability troubleshooters was sug-
gested by Henneman and Rouse (1984). In
their research, ability and aptitude were
found to be poor predictors of performance of
a simulated troubleshooting task, although
significant regression coefficients were ob-
tained when entered into a regression equa-
tion with cognitive style (discussed later). All
of the subjects in this research were students
at the University of Illinois. Their interpreta-
tion was that troubleshooting performance
may be related to ability only if some min-
imum threshold of ability is not present. (Pre-
sumably, qualifying for admission to the uni-
versity assured that the threshold was ex-
ceeded.) Beyond that threshold, other factors
are more important.

Highland et al. (1956) administered a bat-

tery of tests to 360 experienced radar me-
chanics and then observed their performance
as they attempted to solve six problems on an
oscilloscope kit. Ratings of their trouble-
shooting performance were then compared
with test results. Highland et al. found that
the test that accounted for the greatest pro-
portion (60%) of the variance in trouble-
shooting performance assessed “technical
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knowledge” of the oscilloscope. The “elec-
tronics fundamentals’’ test accounted for
40% of the variance, and a test of “reasoning
ability” accounted for only 7%.

A study by Demaree, Crowder, and Mor-
rison (1955) is presented as a final note on
aptitudes and abilities. They employed a va-
riety of tests to assess the strengths and
weaknesses of Q-24 mechanics. Of the many
tests they used, a multiple-choice test of
“practical job knowledge” was found to have
the highest relationship to performance. The
aptitude test that had the most validity was
that “requiring the mechanic to grasp and
find the consequences of complex systems of
relationships.”

Cognitive styles. A number of measures of
cognitive style have been found to correlate
with troubleshooting performance. Two di-
mensions of cognitive style were discussed
most often in the studies reviewed. These
were field dependence-independence and re-
flectivity-impulsivity. Rouse and his col-
leagues (Henneman and Rouse, 1984; Hunt,
Henneman, and Rouse, 1981; Rouse and
Rouse, 1979, 1982) analyzed the results of re-
search in which subjects solved a number of
troubleshooting problems, both in simple
simulations and in actual equipment.
Measures of cognitive style (scores on the
Matching Familiar Figures Test and the Em-
bedded Figures Test) were also available for
these subjects. The following results were re-
ported.

First, those subjects who were field de-
pendent were found to be initially slow in’

.solving simulated troubleshooting problems,

but became faster with practice until there
was no difference between field-dependent
and field-independent subjects with regard
to the amount of time required to solve
problems. Second, subjects categorized as
impulsive made more errors in trouble-
shooting than did those who were reflective.
The impulsive subjects did not improve with
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practice. This finding was consistent with
other reports in the cognitive style literature.
Third, as noted earlier, measures of ability
(scores on the ACT test) were not significantly
correlated with measures of troubleshooting
performance; however, significant regression
coefficients were found for measures of
ability and cognitive style when the
measures were combined in a regression
equation to predict performance.

Several measures of cognitive style, abili-
ties, and aptitudes were obtained from stu-
dents in the Navy’s Basic Electricity and

Electronics (BE/E) school (Federico, 1982,

1983; Federico and Landis, 1979, 1980). The
extent to which these measures were predic-
tive of student success in the first 11 modules
of BE/E school was assessed via correlations
with student achievement and module com-
pletion times. For 7 of the 11 modules,
measures of cognitive style and/or abilities
were found to be more predictive than were
measures of aptitude. Measures of ability
were more closely related to achievement in
the early modules, and other measures were
more predictive of performance in later mod-
ules. With respect to module completion
times, measures of cognitive style and/or
abilities were more predictive than were
measures of aptitude in all modules. Aptitude
measures were more highly related to com-
pletion times during the second half of the
course. These shifts in the predictive power of
each measure were interpreted as reflecting
changes in course content. .

As a result of these analyses, it was con-
cluded that module completion times and
achievement in BE/E school could be pre-
dicted from combinations of the measures
employed. For example, students high in
achievement were found to be discrimi-
nating, reflective, high in general and logical
reasoning and ideational fluency, and good at
numerical operations. Rapid completion
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times were found to be associated with field
independence, high general and inductive
reasoning ability, and high ability in mathe-
matics and general science.

Flexibility of closure (i.e., ability to locate
hidden figures) and spatial scanning (i.e.,
speed of visual exploration) were viewed by
Rose, Fingerman, Wheaton, Eisner, and
Kramer (1974) as abilities rather than cogni-
tive styles, and together they were found to
account for a modest but significant portion
of the variance in performance of a simple
troubleshooting task. In an interesting ap-
proach, an attempt was made to improve
these abilities in subjects through training
(Levine, Brahlek, Eisner, and Fleishman,
1979; Levine, Schulman, Brahlek, and
Fleishman, 1980). Tréining consisted of ex-
tended practice with paper-and-pencil exer-
cises such as mazes and figure copying.
Training resulted in a difference in only spa-
tial scanning in one study, and no subsequent
differences in troubleshooting were noted.

Summary. Individual differences in experi-
ence, cognitive abilities and aptitudes, and
cognitive style have been shown to be related
to troubleshooting performance in a variety
of ways. The following statements may be
made about the effects of experience. First, in
view of the findings reported by Vineberg, ex-
perience may be helpful and even necessary if
the acquisition of essential skills requires ex-
tensive practice, or if the opportunity to
practice some skills occurs infrequently.
Second, the ability to learn from prototypical
examples appears to be related to the experi-
ence one has in a domain. Third, experience
may also improve the ability one has to learn
from feedback related to actions. Finally,
lack of experience has less impact upon per-
formance as more guidance in trouble-
shooting is provided.

The results relevant to abilities and apti-
tudes may be summarized as follows. First,
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high cognitive ability may enable one to
learn more from prototypical examples.
Second, high cognitive ability is associated
with a greater ability to employ a half-split
approach on complex problems. Third,
ability-related differences in performance are
rather small if comparisons are confined to
persons having at least some moderate level
of ability. Finally, the measures of ability
that have the highest relationship to perfor-
mance are those that test job-related knowl-
edge and skills directly; measures of general
aptitude are not very predictive of problem-
solving performance on actual equipment.

Regarding the impact of cognitive style on
troubleshooting, several measures of cogni-
tive style have been reported to be predictive
of success in electronics training courses.
When the relationship of cognitive style to
troubleshooting performance was investi-
gated, reflective subjects were found to incur
less unnecessary cost. Field-dependent sub-
jects were initially slower at troubleshooting
but became faster with practice. Impulsive
subjects made more errors and did not im-
prove with practice. Finally, training to im-
prove flexibility of closure and spatial scan-
ning did not yield the anticipated positive
transfer to troubleshooting.

APPROACHES TO TRAINING

With this perspective as a frame of refer-
ence, consider the various training ap-
proaches that have been tried and the effects
these approaches have had upon trouble-
shooting performance. In selecting material
for inclusion in this review, only those re-
ports that presented data relative to perfor-
mance effects were used. This criterion was
adopted because the goal of this paper is to
summarize the state of empirical knowledge
about troubleshooting and not to review the

many approaches to troubleshooting
training.
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One way in which the studies reviewed
may be categorized is in terms of the primary
rationale or goal of the training approach, al-
though explicit statements of this were rarely
found. Using this basis, it is possible to iden-
tify four general approaches to training, with
a salient dimension being the degree to
which the troubleshooter is explicitly told
what to do. These include: (1) instruction in
the theory upon which the system is based,
(2) provision of opportunities for trouble-
shooting practice, (3) guidance in the use of
system knowledge, and (4) guidance in the
use of algorithms or rules.

In one respect, this order of presentation of
training approaches may seem inappro-
priate. It is possible to view theoretical in-
struction and opportunity for practice as op-
posites in terms of system-relevant informa-
tion supplied to the troubleshooter. The focus
of theoretical instruction is description of the
functioning of the system; on the other hand,
it is possible to provide an opportunity for
troubleshooting practice without ever dis-
cussing the nature of the system. These two
approaches are similar, however, with regard
to the action-related information provided. In
both cases, the troubleshooter is expected to
develop an appropriate strategy rather than
to follow a prescribed strategy. In the latter
two approaches noted (guidance in using
knowledge and in following algorithms or
rules), the troubleshooter is given more infor-
mation about how to proceed.

Theoretical Instruction

In this very traditional approach, the trou-
bleshooter is given a thorough description of
the functioning of the system and instruction
in the theory upon which the system is based.
Once provided with this information, the
troubleshooter is expected to develop an ap-
propriate strategy for troubleshooting the
system. In many of the studies summarized
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here, the performance of troubleshooters in-
structed in theory was compared with that of
a control group of persons instructed in some
other way. Usually this control treatment
consisted of some form of proceduralization.
Because proceduralization is the topic of dis-
cussion in a later section, it is not discussed
at length here.

Schorgmayer and Swanson (1975) varied
the nature of written instructions given to
trainees in electronics troubleshooting. Some
trainees were given a ‘““conventional’’ account
of the functioning of the system, and others
were given procedural instructions, with no
reference to the way in which the system
worked. The investigators found no differ-
ences in troubleshooting abilities of the two
groups in familiar or unfamiliar situations
and no differences in attitude toward the job.

Shepherd, Marshall, Turner, and Duncan
(1977) observed process operator trainees’
diagnostic behavior after providing them
with one of three types of instruction: (1) no
story, consisting merely of a description of
the interpretation of displays; (2) theory, in-
cluding a presentation of the theory upon
which the system was based; (3) heuristics,
including rules-of-thumb for use in diagnosis.
Of the three groups, the heuristics group was
better in both familiar and unfamiliar situa-
tions. The theory group performed no better
than did the no-story group.

Miller (1975) described research in which
students receiving a traditional theoretical
presentation were compared with students
provided with a function- and action-or-
iented presentation. (A more complete de-
scription of this study may be found in the
section on guidance in the use of context-spe-
cific knowledge.) Students with the theory-
based course were slower, made more errors,
and were less often successful in trouble-
shooting.

Van Matre and Steinemann (1966) and
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Steinemann, Harrigan, and Van Matre (1967)
presented the results of an experimental
training program in electronics for Navy per-
sonnel whose aptitude scores were too low
for admission into the regular training pro-
gram. The course of instruction in this pro-
gram was altered to include less theory and
more job-related information. On most de-
pendent measures of troubleshooting perfor-
mance, the experimental group was equal or
superior to a control group of regular stu-
dents completing the normal training course.
These measures included overall perfor-
mance, instructor and peer ratings of ability,
and time required to troubleshoot. However,
the experimental group scored lower on a
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