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- a major key to success,is the technician's information base or "cognitive map”

r

, Troubleshooting otfcomplex-equipﬁénts in the military remains a problem
for many reasons--s technical, some’administrative. At the working level,

of the relations that hold among present -test symptoms, normal indicatfons,
and the set of posgible.defective units. If this information base is reason-
ably complete and correct, them the technician .can usually converge qn the
-trouble in a reasonable time. Many equipments arngO complex_ that an ordinary
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technician canmot befgipetted to master the information base, after only a few
months of training-and-experience. = - i 74

Psychological approaches to the troubleshooting problem attempt tq, improve-] -’
the se1ection,.motivation,€§nd training of technicians. Among the aspeg
-have been considered are methods for enhancing the understanding of phy3
relations in equipment, the hierarchical analysis and practice of trdub
ing $ub-skills, and the general’ logic of searching behavior. The aidings
approach tries to "umburden" the technician by'brovidinq~most of thg&f
tion base in specjal booklets, diagrams.“compq&er programs, and direch
- sequences. The maintainabil{ty approach concentrates on designing.eabi}
that they will bé easy to troubleshoot--for example, key test points arigils
accessible, and sub-units are arranged so as to facilitate diagnosis ahd ™.
replacement. When psychological, aiding, and maintainabi]ity~techno]ogi§s are |
fully applied, the troubleshooting problem can be "solved", within the present
| state of the art, for the great majority of equioment items. _

For troublesomé equipments which are already in service, proceduralized -
aiding of troubleshooting “activities is probably the best immediate solution,
and many one-term military technicians ‘-might well devote most of their service
. to application of these aids. The aids must be specially prepared, tested, and
: debugged, and they must be designed from a behavioral standpoint. It should be
recognized, though, that even the most effective aids.will not find all
troubles, and that the services will always need people with relatively deep
understanding of the systems they have to maintain. To proyide such people,
research {s needed on such.topics -as the vispalization and memory of complex
physical~events,. the learnipg.of long branching sequences, individual differen-

ces in search behavior,- and ways 1o enhance human reasoning by small computer-
ized devices. . R . .
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‘ | SUMMARY

¢

Troubleshooting o_f'oomplex equipments in the military remains a - .

" problem for. ‘many reasons—some technical, some administrative. At

the working level, ‘a major key to success is the technician 's

. information base or cogmtlve map of the relatlons that hold among,

‘pPresent test symptoms, normal mdlcatlons, and the set of possmle '
.,
defectwe units. If thlS J.nformatlon base is reasonably complete and

correct, then the techn1c1an can usually converge on the trouble in a \

! 1 4

reasonable tJ.me. Many equlpments are so oompl‘lex that.an ordinary

techmman cannot be expected to master the mformatlon base, after

. only a few months of trammg and experlence.

Psychological approaches to the troubleshootmg probl¥m attempt

to mpro\re the-selectlon, motwatlon, and training of techn\lgxans.
Among tha aspects 'which have been considered are methods for ‘
enhancing the mderst;énding of phys:ical relations in‘equipment, the¢-
hlerarchlcal analysis and practice of troubleshooting sub-skllls, and
t.he general logxc of searching behav;or.. The aiding approach tries

. to m!iulrden" the technician by providing most of the mformatxon _
base m spec1a1 booklets, diagrams, computer programs, and dlrected he

test sequences. The maintainability approach concentrates on

~designing equipments so that they will be easy to troubleshoot-for
exan'ple,' key test points are made accessible, and Sub-unjts are - ‘
arranged so as to faczlitate diagnosis and replacemen\: When
psychological aiding » and m‘intainability technologies are fully

L
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apblied, the troubleshoeting prdblem can be ;'sulved,' within the .

. bresent state.of the art, for the'great majority of equipment iteus.
| For troublesome equipments which are already in servioe,
proceduralized aiding of trOubleshc?oting.activities is px:&bly‘ the.

" best’ immediate solution, and many one~term miiitar.y techiiodans might
well devote most of their service to app&icatibn o% these aids, _The
aids must be specially prepared, tested, and debugged, and they must. u
be deszgned from a behav1oral standp01nt It should be recégnlzed,
though, that even the most effectlve\alds widl not flnd all troubles,
and that the serv1ces will always need people w1th relatively deep
understandlng of the systems they have to ma1nta1n. To.provide such
people, reeearep is needed on such topics es the uisual'zation and

- memory of complex physical events, the ][eeming of long branchind-
eequences, individuei diffegencesfin search” haviof, End ways to

' enhance human reasoning by small computeriz devices.
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*Troubleshooting. Complex Equipmeht in the Military Services:

Research and Prospects

SECTION I. * INTRODUCTION

One of the first. expernnents on human troubleshootmg “of
electromc Mntﬁ conducted in the summme ¢ of 1953 at the ng@ '
;Beach Naval Shlpyard »E:lectromcs techn1c1ans from Navy “ships -
'searched for faujlts mserted into radio ahd radar c1rcu1ts. The |
squects also, had to. troubleshost a "simulator" representation of the .
' same citcud,ts The mam -idea wasg to see if fault-locatmg behavmr
" on the simulator correlated with performance "on the real equipment; - . .
in fact, it did (Grmgs, et al. 1953). ‘

"That early work was sponsored by the Office of Naval Research
B because o‘f. the dramatlc increase in eqmpment complexlty that

-~

curred after World War II. The new rada:s, fire control dev1ces,

‘les, ‘analog computers, and comnumcatmn sets- were vastly more

. cmplex, and often more unrel:.able, t'.hanmthe et;ulgrent of the 1940's, -
and aﬂ the mllltary services found thenselves with a mmt‘:enance
headache While the increased capabilitiés which the :dvanced T

" equipment afforded,were highly desired, much of the time /t{ekfancg

new gear was down, and often there was nobody areund who knew how. to
fix it. As early as 1953, Carhart's Rand report was calling the Air’
l-‘orce ma{ntenance 'situatic;n ®intolerable" (Carhart, 1953) , and one
could hear even stt;onger adj.écti'ves from operational military people |
. who had to use the new tec\;mology-, and* had to live with. it wher it



1

sy faxled to operate. ’ | | . ‘

More than a quarter-century later, the troublesho‘otmg problen is
st111 with us. Ships, aircraft, missiles, and control centers are
still plagued with unfindable troubles and marginally performing
equipment. Many expensive items néver perform up to design .
expectatioris, or are unavailable at crucial moments. Majntenance
still requires‘ a lot-of people and a lot-of money, ivi_th'nearly GOA

| percent of total life-cyc}e equipment costs attribﬁabie to !
personnel, éxpenses (Bianchard, 1979; .Shriver, 1975). Mairitenance
- dJ.fflcultxes are not confined to sophisticated electronic systens,

elther. Consxder this astoundmg quote from Secretary of

~————

Defense SChle_smger, after the Mayagquez incident of 1975: —

tr .. The thuty—one year old,carrier Hancock...operatmg
without ope of its four shafts...never reached the scene. )
The helicopter carrier Okinawa,...witit part of its boiler
- plant off the line...alSo never arrived at the scene. The

escort vessel Holt, the £irst ship at the scene, had power-
B supply problems, and consequently its main battery'was down

the night before the engagement."® . . N

s |

£ these difficulties occurred in a comba area fellowing a |
maj:)r war, when the_Nai}y had days of warning. Evidiantly, things are |
still “j."nteierab}e" An military mdintenance. .’ -

This report was undertak_en_ in the Belief that now.is a good time
to take stock 6f the troubfeshoetiné behavidr proé)len u; the
m111tary. The whole f1e1d is changmg and parucularly 80 in t.he ‘
electromcs domain. For one thmg, we are in ‘anwera of sharply
impreved hardwa;e reliability. After many years of promises and
disappointments, hardvare is finally medting its claims. These days,

a hew mini-computer with dozens of termipals may run.for days or
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weeks without a main frs-= failure. This is true "ultra-

reliability.” Already, ir egrated—c1rcu1t components are manufactured

to be "fault-tolerant,” so that if something fails the system keeps
;s @

running as before. 1In a certain sense, the failure never . happened

e

‘because the user never knows it. But as Rouse (1978) points out,

relatively rare breakdowns mean that a maintenance technician will
not get much ‘practice in troubleshooting. Another'big change is the
micro-circuit technology, which makes it feasxble to localize a fault
only down to a board, %_q, or chip unit. At the same time, cheaper
and lag:ger computer memorieg make it possible for systern designers to

employ very long operating and fault-locatmg programs in a small

unit, and this meanﬁthat a techn1c1an often has to \be something of a
- programmer. So we can see that technicians w111 have to become more

| onented to logic and software and will be less frequently concerneo

thh the old soldering, wiring, and parts—replacanent skills. We are
probably at a crossroads, too, in the a1d1ng and training of
tréubleshooters. Handy and comprehenswe "br:refcase troubleshooting
guides are already here (Rigney & Towne, 1977). A portable test unit
as big as aw set can store a whole book of system information on a‘
single floppy disk (De Paul, 1979), and all of the data canbe
interrogated mstantly. Not lond from now, such a oompact gﬁrde will
tell the m111tary technician which Check to make next, will evaluat:
the results of all checks made, and w111 furnish ;' hard-copy prmtout

of ‘every troubleehootmg step. And these aiding functions may, on

: occasion,. be mstantly transmitted from g remote ship or field site |
to an analysis center, for further analysis and advice. This kind of K

- 13

41
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—detailed aiding can be so effective that much trammg might well ée
directed at teaching the aid, rather than teachmg the usual circu¢t,

hydraulic, or electro-mechanical theory. There will be arguments‘over .

“such aiding and tratning, but it is clearly on the military horizon
'r for the 1980's.: Another pred1ct1on is easy to make: more systems
will be digital. As one writer asks, "Is everything going digital?
Whatever happened to 6SN7 tubes, low-distortion amplifiers, and
feedback circuits?"  (Gasperini, 1976).
- ‘If indeed we are already in an _ere of ultra—reliable: but more
complex digital equipment, in which technicians will be aided in
ir work by extremely "smart" test sets,.then there are many
interesting questions. What can we expect of our troubleshooters?
Exactly what will their intellectual requiremeﬂts and difficult_i_es

be?  How much efficiency can we anticj..pate‘? -What administrative and

plannmg considerations. should be most crucial regardmg the mJ.hE‘a(y .

techmclan force of the next couple of decades? How should we train ¢
" and "transition" all of the people reqmred? What contributions can

be made by dmc:.plmes such as the psychology of »reasoning? ?

This report was written primanly for the mlltary research

community, Wthl’l is a: network of techmcal commands, laboratones,
contracting bur’eaus, mdustrle\l contractors, and academic institutes.
As a secondarsr audience, there are numerous training, support, an:l
operational personnel who run the technical schools, who have, to face
trou'bleshooti.ng problems in the field, or_who prepare technical
menuals and autamatic tést equlpnent Such oeo:;le ar§ of‘t\e*nr engaged
in the delivery of a specific system, course, document or procedure.

o\ - ) % ..u
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w\e also hope that some mrlltary ranpower planners wlal oon51der some

“of the 1ssues rarsed here. There are rather few manpower people and

'they are not partlcularly vrsrble, but they are the ones who dec;rde

‘how many Data W&ns Techs we wrll ‘have. in 1986, and. thelr decrsmns

. can affect. 16ng-range m:,htary prospects. There -is no néed tq plan

for an expensrve new BCN 1nstallat10n on a ship 1f the prlme

.

. equlpnents w111 not be a\zallable for use, With so many big changes

t

' " . 1in the hardware, sof tware, and a1d1ng capabrlltles, manpower

‘ "be based on what we know about the key behawors that wJ,ll be needed

:Y‘ )

. projectrons erl .be mor.e drffrcult and more crlt{cal and they should .

. .J '- ,:

Qa_tlmeoﬁmeﬁemr.t ' J'.} . .

Sectlon II éxammes the logJ.c of dlagnosm, and also reviews

' mater;.al frbn academic psychology regardmg* human—search performance.

The next chapter takes up aiding and trammg 1ssues, marly of which

are bemg pursued right now by DOD agencies, labotatorles, and

'contractors§ Sect.ron v looks at the mamtenance technrcran S work

_from the "job, des1gn standpomt, and explores his job satrsfactz.on -

_few admmrstratrve recomnendatxons.

and motrvatron. The fmal séctlon lists some research
recammendations, including nineteen spec1f ic pro:ec_ts that might be
considered by agencies like ONR, AFOSR, and ARI.. There are also a
The main conclusmn of this report thes:.s can be quickly

imparted.- Troubleshootmg of verzéomnplex sys’tens is difficult for

numerous reasons, but the criti}a_zl factor is that the technician's # .

oognitive map of essential physical relations (electronic,. hyarauhc,

" electro-mechanidal, and so on) in a oo;nplex equipment is often

v.

'
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' . mcomplete, vague, or mcorrect As long as thlS is so, any series
of checks and test readings, though apparently well motwated and
aocouplx%hed, cannot cl” in" logically on a faulty unit. All the |

N
,\technician cgn ‘do in this envirorment is to keep making checks in the .

.
"

hqwe of finding some drastlc test indication, or to engage in

probabl_llstlc or mass replacement of @umts. The conventional .

\ ‘apsirogch has been to brdvlde general "theor:y'_‘ training in electrénics ‘

- ‘or hydraullcs for the techmician. Armed w1th this theory, and w1th

: the assistance of techm.cal manuals, the techn.ic;.an supposedly oould
generate his own fault-location seguences. put modern prime

equimeqts are so oompllcateo that it is not reasonable to expect an

™~ e

ordioa_fy.militarf technician to know them welltenoughf\to originate
'effective test eequences for himself, after ‘a few mon.tl':ls ‘of training. |
It is, then, not o much the technician's reasoning that.is at fault, ‘
as’ it ls his j_gﬁgmangn base regardmg the meaning of the checks and
test readings he makes. Given a sharp map or model of the

.~ “elimination logic that prevail between obsepvable\teSt symptoms and

" the set of p0351b1e troubles, a techn1c1an can usually solve a ‘
troubleshooting problem withm a reasonable time, even though his )
logxcal path through the network- is not the optlmal or most efficient
sequence. If the equipment is eﬁtremely large or complex, then some

~kind of procedurahzed or step-by—step msructions will be

- *gl» _ g - ReCessary. g
LR | It follows that much of the ttammg and aiding effort should be
. " directed to preparing a special symptarr-mlfmction model of tl'Je prime

- [ 4

eqﬁignent, and making that model acoess:.ble to, and usable\by,

b
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: &MMM&Mmﬂm Right now, arid ‘
for the'next few years, the best . solution probably is to prowde :
r spec1al aldmg" or"domnentatmn to the techn1c1ans, to have
g this documentation so effective t;.h'at it will actually gu1de
troubleshootmg down to the ap})ropr;ate component depth, and to give
‘the technicians mtenswe practice w1th these matenals. The -
competent flrst g:erm tec,hmcxan t.hus beoomes an extranely fluent user‘
~of ccmpllcated booklets, charts, and software routines. He will not
v 7 often ongmate test sequences himself. Rather, he will follow a
. defuute "tree logic” or other -elgonthm that will guarantee" . | . _
" localization of most failures." If the gocmrentation, ‘and_'éssociérted
v procedu'res cannot locate cer‘tain troubles, then the aiding psckage B
: nmst‘be inn\ediately modified so that it wi]l /acoofnplish that task ‘in
the ft}tu“re. In this scenano, 'wé do not. lapse into ‘the conceptlon of |
"trained-ape maintenance, " where an untramed person blindly follows a
complex test routine, and does what it tells hJ.m to do. Our
;téchmcian will still be a hlghly slulled person., It wJ.ll take great
care ‘and Judgment on h1s &rt to carry out the appropnate _
procedures. The aiding’ technology to support the troubleshooter is
already here, and has been proven in about a dozen demonstration
' projects (Shiver, 1975; VanHemel, 1979; Foley, 1978). There will
T - always be a need for military mintenance ;eople who can go beyond -
the proceduralized aids, and can solve the diffmult problenis.. These

- P
~
~
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> . people w1ll have to possess a deeper understanding of the systems
t.hey work on; perhaps a good ihodel here would be the "flying squad" :
specialists. in the computer mdustry, who are extremely oompetent m

both harchare and software aspects of big oomputers. Training such
,people, and provxdmg materials foi: them, will be a challenge to the

Y
.

military personnel community. . . . !

Eff1c1ent oubleshooting can be achieved in the mjlitary. There
are many suc?essful examplss from Navy submarines, from the speCial
weapons areé and from certain aircraft systems. - Also, many good
: military system think that they are helpmg the

" trouble .. ber. Examples of these are the people who originate. fault-

/ .

S Accordi g to our vrew, many of their efforts are far less’ effective ’
ey could be, and this is because t:hey do not stay Llose to the {

. oogmtive situation f&ced by the military technician, )

~ " of this report, then, is to explicate same of the ways that *

'_ovementscanbemade. o S -
| Bibliowraphical Nete . © - s-
" The troubleshooting literature lS widely scattered in about half

"a dozen major clusters. For behaviorally oriented studies, Rouse s
privately—cuculateé' bibliography is the best (Rouse, 1979). In '_ . :
fact, Rouse s list of references .'I..l'l. one of his articles constitutes a
reasonably good libraty on the 'subjeot (Rouse, 1978). Johnson's

(l972) text is the standard reference on the psychology. of

| reasoning. Fault-tree methodology, probabilistic troubleshooting,'

" and the associated mathematics are sumazized in the ONR-sponsored

-~
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report on rehab111ty and fault—tr,ee ana1y51s (Bar:tw, et al, 1975) '

and in the Ross (1970’) textbook For mamtamablhty program

management, the best general gburce is st111 the Blanchard and Lowery

(1969) book although the mlcrocucumry revolutJ.on has dated some
of it, th1s text’ hls thorough treatments of ma1ntamab111ty

'predrctlon, tradeoffs, a.nd demonstration procedures. Thére are

b

several new books on the nglC of dlg1ta1 troubleshootmg (Gasperini,

' 1979. Coffron, 1979) The oomputer—sc1ence approach to oomplex _
search problens is treated by Raphael (1976). There are many guides
which w111 tell how to design a mamtamable device, a good example
being the one by Morgan et al., (1963). State-of-the—art in military
m_aintenance aldmg and tra.mmg is weld reviewed in ‘the NI‘fC-Orlando
c'onfere'nce proceedings (NTEC, 1‘975; NTEC, 1979), ana_. in Foley's * ’

~smmary 'report to the- Ai'r Force (r-‘oley, 1978) . Foley's summary is

' espec1al'1y mportant, because 1t llsts every experunental evaluatlon

'.\

of mamtenance aldz.ng pp ta-1977, and 1t*élso provides strong

admmstratwe advice for urplanenting~fu11y-proceduralized aldmg

SYstems e ..'¢ .
<« s . . . o :
. A ot ‘. R h ' 7 . -
SECTION .1I. 'LOCATING A FAILED COMPONENT

2

R
L

mé&miggi'mmtmis

.
-

Coy e md'r troubleshooting is very simple. When something goes wrong,

all or most of the possible causes of the fault are listed, and”are

'&

hthen sucoessi(rely elimi.nated. 'me process is oontinued until only

ﬁme culprit remains 'l‘hat item is repairQ or replaced and the

1Y ' . . “ : RS
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\
t becomes largé, a simple enmnerate-and—elunmate strategy will Hot be

flou charts, schematic dlagrams, and so on. The essentia'ls often b011

-Page 10 -

~;.s solved. Or maybe \one oomponent is .known to be likely to
bnic it is therefore summarily replaced, without duch of an

' t fault-tracing. Only if this "obvmu\s replacement falls d&
the trouble is any further search undertaken.- Such

ly life. It seems So natural that it rnay not even be
- B . . '
in an explicit way: Technical difficulties arise, of

the 1list of possible causes is incomplete, when it is

of tro )ble-'solatlon stapds up very well, and 1s espec1ally ‘effective.
in eas:.ly v sualized physucal systems, such as a plunbmg layoutﬁ \ - Co.
¢ When systems get more complex ‘and the number of alternatlves e. |
,practlcal It ‘was Just barely practlcal ffor repalnng TV sets in tﬁe t
vaouum-tube era. As a rule of thunb, replacmg tubes wou]‘dgn“%epau a
malfmctxoning set in about eight times out of ten. But a blg air-
cogtrol radar may have thousands of oomponents in 1t, with many of
these lmked tohether in oomplex ways. Pdrthermore, there is good

reason to thmk that, if a techm.cian attempted s:.mply to replace

" every. part, he would lntroduc:e far more’ troubles than he would - / /

eliminate. E.\ridently, more systematm and effic1ent search P /
strategies are needed. | . L
Deteministic mdels | '

There are several ways to display the relations in a system B : A .

v

.
. . .
4 * D

18
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in la; it has four vertices (A, B, C, D) and ten arcs (a8, A,
r.etc.). The relations in tHis graph may also be descnbed by the!
/Boolean logic matrix in 1b, or by the drctronary of successors shown -
in lc (Kaufmann et al., 3977) The "successor" table reproduces the
Boolean matrix.row by row., As shown, the vertices and arcs could be |
*anythmg that is well-defmed, and S0 they could represent nodes ar\d
srgnal flows in an electrical network. Many theorems have been
denved for handling the relatrons in a graph or logical matnx. : One
of the most J.mportant of these is that, for each state of the set of
system components, a unique structure functlon can be defined. "I‘hus, .

one can calculate the mfluence of each component state on the

e werall systen (Kaufmann, 1977, Barlow, Fussell, & SJ.ngpurwala,

1975) ., As another. and more su¥prising example, 1f a set of K "lmks. |
of'a monotone function are known, an equzvalent;- ne;:work can be '
. obtained by placmg in parallel K subnetworks, each formed of the

components of a link placed- in senes. "The networks obtaineq m this

- manner can a}so be reduced" to their smplest form. As far as we

know, such transfomations are only. employed in theoretmal ana1y51s
of systems, and are never utilized by workmg technicians even though

-

‘such analyses do express all the logzc in.a system.

v ‘ »
) ol ]
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"ABC : -
A 4 Af0f1]ofl A|B,D.
) Blojrj1ha 'B|B,C, D O ‘
clololrio} cle - .
C . ‘
. . ‘ DI111i1 (1 bA,B,C'D
.o (a) (. . ()
v " . Figure.l.' (a) Graphical representation; (b) .Boolﬁea_n _

matrix; (c) dlctmnary of successors.'
" The Boolean-table idea has been extended to handle pseudo-verbal
¢ cmtent, and to print out "sentence solutions to oomputerxzed search
"problems. FJ.n_dler s Universal Veroal Puzzle Solver for example,
solves any \a(ell-fonred vertgal nlenbership puzzle which. can be
) -'e;cpressed in terms of logicai inclusion, exclusion, and g 3
Y R condxtxonahty. If arstring of problem sentences 'is inserted the.

logical- relanons from the sentences age stored a5 a long list of .

(%)

mclusmns and exclusmns. When al} are entered in the oomputer, the
fo - program does a brute—force recursive search until a suxtable solution
is found (F:.ndler et a., 1973). ‘I‘he se‘circh_loop really operates upon
s the equivalent of a Boolean matrix. ﬁxodgh i& has _abparently never
. been used in the troubleshooting domain, '.th'e Findler program would | .
certainly find tfoable; if *enough 18gic from rroubie-test relations '
RS were entered in a pseudo-verbal format. The technician would enfier
test results in a oonstrained—l‘.‘ngllsh format, until lsolation was
- ~ atteined Another kind of "1ogica1 mechme is. the, theorqn-prover
e - . concept, ‘as developed by Wang and others. A theorem-prover program
: ' aocgpts a I‘ist of logical prenises ‘or conditions. Then, to search

, for an answer to a puzzle (or a trouble-shooting problem) ¢ ONE asks




) as to permlt @ valldlty check” on any well-formed proposuuor\

" * Page 17 <

the program whether a given "theorem" (logical statement) .is valid.

An ingenious reduction routine collapses the premises in such a way

mvolvmg t.he premlses. For a verbal puzzle, a test theorer might be
"the butler murdered the viscount”, but as far.as logic 1s concerned, )
a theoran could be operational ampllfler #16 is nalfunctlonmg“
(Raphael 1976) - To be useful, both the Findlef and Wang concepts
haveé to be "full of data"g othemlse no solution w1ll be attameo, or
else‘ the logm is so loose-that a nmlber of pseudo-solutlons will be
Printed out, with thg rnachine .unable to discriininate among them. ' :
In practical mmtenance work, a useful format 1s often some
kmd.of a wmptmhmalfrmctlon (S—M) matnx. Many progects have'’
dlscovered redlscovered, and formatted ‘the basic idea. which is
nothing more than a table showing the dependencfé%"“among symptoms and
components. An early real.rzatlon of thls was ingthe ‘BAMAGAT progect . s
at Hug‘lﬁs'f‘craft in the 1950° s. “rhe charts used there, called .
mamtenance dependency charts: (MDC) . showed arfr ordered 11st of P
procedures, a rather oomplete lxsting of test pomts and L

measurenents, and also aJ.I functidnal units that generate mputs to a

. given test. If a‘test fau.led, then:- (hopefully) only a limited set of

“

hardware sxgnal sources had to be checked further. 'I‘hat bas1c ooncept
has survived several renamings as SIMM (S}mbolic Integrated
mintenance Hanual) and FOMM (Functionally Oriented Maintenance

‘Manval) . Roeder and Ranc (1975) believe that FOMM ig most successful ot
with straight-line analog funttions, and that 1ogic diagrams, state = . .
: tables, or trees are preferred for digital circu;try. In the

B i
4 .
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sinplest non-sequential format of S-—{ matrix, tests are often listed

v

_ .as rows, thh components or subunits in the many colums. As the
. trouble search proceeds, - par& "of the table are logically eliminated,
*and when cne or a-few um.ts are left, those are repaired or IR
. replaced, If the chart 1s correct and inclusive, and if the readmgs
are correctly nﬁde and mterpreted, then trouble 1sclat10n proceeds
_>> . steadily.- The logic in such chacts is generally easy to follow, but
. in'the practlcal case ,there is often amblgmty about the normallty of
* a camplex signal cr wa{reform, and so 1f a nustake 1s made the search.
rray not Converge (Joyce, 1975). Almost always, though, _sqm tr?uble
1solat10n Will be achieved. Most _research’ people, we bel1eve, who
work closely w;th mamtenahce people, in the field have come to favor
;aiding the technician-witl‘: -some kind ef S-M matrix approach. The ’
ba51c idea of mamtenance dependency alsd can be eqbanced by N
follcwmg gcod dlsplay and presentatmn features, as inaba (1979) and
. . others have demonstrated with the PIMO format. ‘1f the system is ° A
T | ektremely large, then almost any t‘Ormat becomes unw1eldy Roeder and 5
vl T Ramo agrs) estimated that for one system, some 733 sheets of, mm .
4 funct.lon bloclc diagrams would be requ‘ired to descnbe the systen! )
© It is best to. provide good S-M mformatlon to the field
f"'- 24 techmca.an, and not make him generate it fcr ﬁ;unself - 'I‘he gener?l
rationale for thzs is” that wheh working undec time and operatxcnal
S ; stresses, the technics.an is not in a good position to be d1sccvering~
- J lcgical relations. At that tlne he should be using effectwe
=L relations already discovered by himself and by others. For

large digital systems, there is a further rationale. Max;y IC chip's.

- - :
. . : .
. —~
e .
. * : \
<




by a test t is given by .
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are delivered to the ‘system de51gner with data sheets whlch describe
chip operatlon in terms of gate equwalents. Q But the data sheet)lmay
not be complete, or when it is encapsplated into a systen® the unit
can experience logfcal ambiguities caused by timing, noise, stray
capacitance.} or thteshold problems. Often the only way to separatg
all these causes cf loc_ucal failure is to do hlgh-speed test runs v1a
automatic test equ1pment (ATE). So in some cases the techmc:nan .
could not possmiy use logical-status de_nvatmns frcm a simpl€
conmderatmn of the gatmg loglc.

Many aspects of systens are prdbabilistic in character, Life . ~

* -and failure expectatmns for.- oomponents, for subsystems, and for the °

whole 'system can be expressed in terms of probablllty dlstnbutmns. "

There are also dlstnbutmns for the uﬁ it tak’es to set up and make .
l . .
dlffererit test readings, for the hkehhocd -that a- pertlcu}ar fallux:e

. - yill be detected when it occurs, for the chance that a trodbleshooter

will mtrodu(:e a, new trouble as he works on the pnme equ;pnent, and

S0 on. As all these dlstnbutmns can change during the course of a

. Ssearch, analysts have studied ways of structuring and optimizmg the
) progess, Pwecrful selutmn techm.ques such as lmear programning and
. ©
' ~'_'dy'nanuc ﬁog,ramnmg cah’be brought to bear. .

A simfle probabuistxc example will give "some’ of the flavor.
Consider each test or check reading as a means of reducing i
m_certeinty concerning the location of a fault. In the language of

. infomaltioh’ theory (Guiasu, .'19‘77):; the amount of uncertainty resolved

4

.
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W (t) =-2p (s)) Yogz p (s), o
v
1 €2, r . .\\‘
N which is the sum, over all sets of modules into which the test
divides tt\ system Z (1), of the probablhty of the fault being\{
wlthm the set, P (s ). times the logarithm to base two of this
. '. _ probabJ.l 1ty. Each test is then conce{ ed as leldmg the system into
PR - two smsets (the fault bemg in orje or the other) .. The probabllltles »
in the: a&ﬂve expression are oond1t10na1 upon all ‘test information
obtained up to any point in a given test sequence. ) \
A retional or optima:l techn'ician might then perfor;n next that
e - LJtest whxch resolves- the greatest amount of uncertamty, per time

0. 1

~ .. °* spent testmg Thus, he should maxmuze"

-~

. . T D (t).= N_F_;_. -Q-here t (t) is the t
. o . ' t (7). ¢ E e
' ] t:.me ;eeuued to perform tha test, startmg at whatevex: system and
L I test condition prevails jast ‘then. A - | a
. Towrie's dynamic programming (DP) formulation (Rigney and Me, |
1977) utilzes the structure of: the- syste'n to yleld deterministic % | .
rexatmnshlps between indicators (includmg test pomts) and. the L
elements which they monitor. Time costs for extgactlng mformatj,gn -
from each indicator are then either estimated -or computed . These '
might include.times for test equipment setup, partlal dlsassembly, or
! even walking to another location. Finally, reliabilities are . .
associated with each hatdware element. The DP algori_thm then .
successively computes the optimum next "indicator" to sample, in

. order to minimize expected {time) dost. This technique would be
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congideréd probabilistic, since the reliability data are .

probabilistic. D - . L

. Guiasu (1977) gives a similar model of classxfymg a systen (m
our dow?am, classlfymg a system would 1dent1fy the trouble state, .
. ige., locate the trouble). His model ca.lculates ‘the enttopy of eaEh

.a

test, weights it by the cost of a test (agam, this coyd be the time
«* [ 4
or inconvenience .required to perform it), and then selects the test

that has the maximum weighted entropy. This scheme always leads to’
the trouble, with the smallest expected cost If checks involve

extraordmary ‘amounts of ‘time-or risk to set up, such an analysls

J". -

- .. might be qulte practical. ‘One applu:atlon used the model to select- . .
which of the 27 possmle clmxcal tests should be made. next on a

-

, human patlent, to dlagnose any of-13 renal dlseases. Us:mg the model, 1

*
~¢

an averagq of about eight tests are required, to complete the IR
¢ . : )

.diagnosis, instead of ‘doing the full set of 27 tests.

' Models llke these are certainly elegant ratlonales for test

'selectmn, which can be valuable for Judgmg the. effectlveness of a

‘ partxculat stpaeegy and for develop;.ng Pprocedural guides. It is

- unlikely, however, that a' technician could employ these '.techni_ques to

. .gene'rate his own search process. There may be some rough-heuristics
‘that can be applied by technicians, which come out of such models.

" The information theory approach suggests, for example, that if all d
tests are reasonably close to splittmg the renammg sets of )
candidates into even halves. the next test should be the one that
takes the. shortest time. Also, if all tests are long shots (less

. than 5 percent chance of f.indmg the fault), then the' test that takes

(e . ) “oan >

s ) 25




-+ known faJ.rly well by the workmg teclmicmn.

e . - »
» . .

the least time often should be selected. Shch ruIes mght already be

-
0.
Ay
a ¢

As mentioned earher,& it has been known for twenty-five Years
that a symbollc format can’ capture much of troubleshpotlng behavmr, ‘
and can get at the crux of the search task This was shown with
various kmds of dev1ces- tab tests, masomte boards with little
wmdows, punchboards, and special paper formats (Grings, 1953 Glaser

et al., 1952, Pattu, 1956) .. To be- sure, the synthetlc format leaves
e __)

~out: such key behaviors as. locatmg test points, connectmg meters, ~

and being generally careful and*safe around dangero@s hardware.

-

Unless the techmc1ancan troubleshoot effectively at the. syrnbolrc N
ievel, ‘however, it would be of little avall to be skllledrm these B e

other aspects of troublesh‘ooting. Most ifivestigators have therefore

used some: kind of synthetlc format for.. the1r troubleshootmg studles. |
Nearly every study of troub}eshootmg behavmr has notlced great

varlatzon in the search sequence?&en by technic1ans. Even. for -

rather sunple electrom.cs c:.rcults, ‘exact replicatmns of paths are -

rarely found Whén detailed records of performances are exammed no.

more ‘than about h_al_f of the moves "wake sense® in xetrospect (Bryan

et al., 1956), Why do we see there such marked individual )

differences, so much uninterpretahle behaviorz and ‘so much- apparent v

"wandering?" The best answer, we believe, is that ordinary -

technicians differ Mn their knowledge about the _normal system and in

the sigm.facance they attach to readings in the abnormal systen. b

They simply do not share the same information bases, despite

\ e

. . - *
. b . rd
~ :
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.
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similarities of training and experience. This can be, quickly

demonstrated at any military installation by presenting a few

ééchnicians with a standard transistor amplifier schematic, and -
asking them separately what changés in the currents and voltages

would: result from parametric changes in one of the parts, such as a

/.

{

L .
resistor that increased in value. There will not be much agreement,

¢ ]

. and many mistakes will be noted.

he W4

., It is iii;e]&then, ‘that most technicians simply do not remember "
much of the electronics the.ory that has been presented to them in |
" .. schools and“books. Oné.‘ s.tudy done in the eatly 15;6}‘5 a;: A‘Navy X
repair facility presented simple test items involding ‘the "fifteen
bag:ic vacuum-tube circuits” to a sample.of civilian ship;('ard
" téchnicians, yalong with some elementary ele&rbnics theory such as -
Kir’cmmoff's Laws 'Ihe' goal was to find out which circ_uit princi;:;‘les
were most."difficult for" the men, and how these corfelated with‘
knowledge rc‘>f' basic theo1ry. All the scores: were 20 lowrthat the
tesearch plannéd on those subjects could not proceed. In fact,® it was ‘
tmél_[ea“r how, these men could. unde'r_st;.md, ‘or could repair; the complex
radars and radios they worked on. -One ‘possibility is tﬁat@lmoug.h
tfiéy could not manage detafl\ed citcuit.a.mi;r;is,. they could ‘i:erf()nﬁ a r
rather. cut-and-dried ‘overhal‘.ll . and c_heck‘but procedure. When :
discussing these results, the supervisoPs explained that détailed
.« circuit-analyzing skills were useful for designers, but not -
| R necessarily required f\m" minténqnce fshb‘p;people,.' A supérvisor would
|  ofter say, rriabn_"; know that. kind of Stuff myself, now.” Twenty "
yem.:s ago, Wi,l_ﬁms and Whitmore ‘(‘1'959) showed that, whergas

(K]
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kmwledge of eléctronics theory about the Nike-Ajax m.i,ss:.lea system
was highest at the end of the trammg school, ablhty to find. faults
was poor. 'l‘hen, fault-fmdmg ability x.mproved with field expenenc\e_,‘
but knowledge of theory declmed. Shepherd et al, (197'1) think that
. it is possible that techr;icians may develop rough and effective |
search rules during the field work (and may attempt to use. theory
‘ O o wlule apprematmg these rules), but once the’ rules are in hand,

Y
- theory can be forgotten. Foley' s (1974) review suggested that the

oorrelation tween theory test scores and performance is .low, as is
the relation. tween school marks and jgb performance. Thus;
"teaching t‘heory" is doubly ineff'ective.' People do not learn or
retain it well, and even if they did, such knowledge is Jhot. strongly
tied to maintenance, effectiveness. |
P.er:l'.xa@ "the most famous behavioral _analeyis of troublesk}ooting .
was Miller r‘é investigation of the "half—splttf" technique (Miller et
al, 1953). The half-split procedure recomends that a chain of _
system elements be checked first in the_middle of the chain, or in
such a way that the two groups of elements on both, sides are equally
) likely to contain the faulty element. Thg half-split idea has been
extended and generalized in various ways, to permit inclusion of K
. paranel paths, probab111ty-of-fa11ure data, and cost figures. WhJ.ie /‘/\
people can leard the half—-split idea (Hanncm et al., 1967), it 1s
T diffimlt to employ except in the n’nst’ crude and obvipus decision
. situqtions, such ps a string of lights. In difficult real-world .= '
. problans, units and subsystens of widely different rehabuities are

- ;arranged in complex”and non~linear chains, with obscure barriers and

-~ 4
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feedbacks between lmks in the chain. Otherwise, tron.fbleshooting
would be rapid and concluswe by any reasonable method, and the
shght increases in eff1c1ency caused by half-sphttmg would be -~ °

-

negligible. N : ' g
- Other optmal search models can also be formulated, and theit
trcubleshootmg effectiveness can be compared with actual human
behavior. As an example of this, a computerized Bayesmn search
policy was def med for a certain symptom-malfunction matrix (Bond &
- : Rigney, 1966) . 'The ‘computer program operated on the conditionals that
obtamed between test symptoms and componeht parts. When a
malfunction was introduced, the ‘Program would always find the trouble
in the anallest number ‘of steps or checks (if the trouble could be
-found from the data.given). By updating the failuré-likelihood )
estimates for each component after each test, the program acted'as a
good statistician would if confronted with Z fault-location‘
problem, When a human technician’s search record is compared to the . _ \
performance of such a program, it -is always found that the human is
. hot an optimal troubleshooter. He makes redundant checks, forgets
.  things he has already done, replaces components which logically ’ ’
cannot: be ‘faulty,-and often seems to mill around the prime equipment
in a near-aimless way. One ‘study estimated human. search efficiency
at about thiry percent of the optimal (RTgmy, 1968). Such
pobservations might suggest that technicians are illogical or feckless
“in their work, which is not so. The situation resembles that which
is found in the psychology of reasoning When intelligent people are given

‘Byllogistic probleins to solve, mny errors and incorrect inferences

-~ .8 . NN IS
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will be found. On close examination, however, many of . these mistakes
‘are largely due to the ért;ificiality of the sg;llqgism, and to the
s;ubject's unfamiliarity with ‘th'e.: way that English terms like “or" and
"some® are used.in logic (Johnson, 1972). When corrected and
-.-practic;ad, and especially wher@ syllogisms are cast in a familiar or
"real™ context, subjects are indeed quite logical. Going back to the
‘trout.nléshobting_ context, the ft‘equent near randr:mmess of a search- .,
pattern is Jtargely due to a vague and incomplete conception of the
basic system, and of the measurements made upon that system. An
additional bit of evidence on-this point comes from the Bayesian
fault-locator study mentioned above (Rigney, 1968). In an egténsiqn
of that research, technicians .we}e required to construct their cwn
- 'éubjegtive sympt@n—mlfmction matrices. To do this, they entere:d
their esti‘mates" of the relationsﬁip between a reading at a test poing
and a possible mlfxﬁcti'on in eaéh component cell. Thén, taking
these subjective estimates as probabilities, the Bayesian comparison
routine was run again, It was learned .t.hat while most technicians are |
not 'ébod Bayesians,"™ even on t-;tbneir own subjective matrices, their B
\ search does, proceed rather well, if inefficiently, and would locate
| troubles <av<=.ent:ua-11y’9 if the ma:ngga were correct epnough. Again the
N : conclusion is rather strong: It is the information base, rather than
the search algorithm, ;n:_ search efficiency, that best preditts success.
-For an ovérall pict‘ure_‘_qf ’technician‘activities, Table 1 gives a
breakdown from one set of experimental cbservations’ (itigney et al.,
'1968) . The table is fairly di;scouraging. Most of the time (58.7%),

o

these troubleshooters did not have the mlfmci:iqning unit included_

t‘ ' - 30



¢« O

in their set of "pdSsibles.'; About 10 per cent of the tlme, the
ecluxpnent was classified as fully operat:.onal, even though the
malfunction persisted; and about 13 percent of the time the ttouble .
already had éeen repau:ed, but the techn1c1ans didn't recogmze that

. 7
R fact. .
- ‘ o
Table 1
| Technician's-State TotalTime % of Total Time
Perfect hypothesis set " 52,3 1.3
Malfunctxon properly suspected, J
but hypotheses imperfect 666.3 ‘ 16.5
, Malfunction not mcluded in X L
hypotheses o _ . 2,278.8 - 58.7
Bquipment judged all right ) ) S
despite. malfunction ~ 405.0 - 10.0
. Malfunction actually repaued © o _ ! : "
* but 'not known A 546 0 . 13.5
v A recent program of research by Rouse (1978) has been dlrected to

human search behav:.or in digital networks. The subject faces an
arrangement of AND gates, some of which are good, and some of which
are not operating. As in the Bayesian search comparison mentioned *
previously. subjects did not pefform optimally, but .they were superior
to a brutenfo:ce search.l.ng scheme, and they could be aided by special-
software, When network size was increased, perfomance devxated
further from-optimal. Two incidental results from Rmse's work are .
. iftriguing to the psychologist. One of these fbmgs was that self-
‘paced initial training can transfer positively.t6 a forced-paced test

C‘ o -. : 7 31'. ‘.



. sztuation. Another d:scovery was that the unaided/ subJects did net
seem to apprecxate the diagnostic value of a good" test at a node
(node not falled) . ‘I‘tus obser:vation is si.mxlar to Wason & I.aird'
evidence -on the modus tollens fallacy in human _:easoning, wherein
subjects also did not realize the meaning of inforation that did rot

d:.rectly support the hypo%hesm under :;_ev:.ew (Wason & Laud, 1968),

.

[P ORL PSRN

FURTEURP IS NP
-

- mu;cs"',
o "In our faul't}dxagnost;c context’chxs idea means that humans
have difficulty in effectively’utilizing a test that indicates .
some&” component. has pot failed (Rouse, 1978).
This is one instance where a troubleshooting experiment can be j‘.nte_-.
grated nicely with cognitive psychology _ )
Rasmussen and Jensen (1974) watched Dam.sh technicians working on
rea.l equipment in atcnuc power* plants, They notlced that technic1ans
had a tendency to "do something,” rather than to "reason it out,”
~ hence troubleshqotmg performances of_tien look bdsy but inefficient,
qhen-gaﬁged by optimal-test standards. As many-other researchers -
have noted, there were frequent ".. ..rapid sequences of go:xf—bad
_checks on actual signals against normal signals.® Most o:t‘ the
obserired per'fomangee could be classified as being eit‘:her '
topegtaphic, functional search, or evaluatior; of a fault, In a
topographic troubleshooting attempt, the tecl'mic_ian' may "lose"™ a good .
-signal in, say, an amplifier. The amplifier itself, and the paths in
and out of it, would then be explored. Functional’search proceeds on
a "failed function” basis. Thus, if a TV picture is low, one might
consider first the circuits thet control the vertical def}ection
. Rlates. A person who eveluates;a fault derives information from the
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.often due to npple in the main supply, and so the voltage regulators
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. . | . _
fault it. €, without explicit localization. A "fuzz)‘ video signal is

may not be domg their Job, when this symptom appears.

If one of Rasmussen s techhicians Nas stumped he might pause, .
and then during the break in performance have some. fresh. ideas about
things to do,- At several places m the analyses, the dlspanty '
between engmeermg thmkmg and technician work‘}nethods was

evident. The engineer often wants an intellectual understandl.ng of

‘the trouble, and a .rationale for its asisociated'parametri_c changes

throughout the hardware. On the other hand, the technician's doal is

to find _t,mg trouble, and considerations of the logic or elegance of

the solutmh are secondary. This is not to say that techhima.ns
cannot admire an 1ngen.10us search scheme, but their focus ig usually ’
quite practical, and redundancy does not bother them at all,

Wescourt and Hemphill (1978) studiea computer program debugging
in both expert and novice programmers. The expert may mdeed have a
better general strategy than the nevice, but his most important .
capebility is specialized memory forffertain program behavior
characteristics, that is, he has a large "library® of experience which
often enables him to bypass the usual deductive ptgcesses: A novel
feature of the Wescouft investigation wgs' the explicit recognition
that advanced programmers often knowingly ﬁrite iﬁcbrrect érograns,
finding it easiet to debug than to perform the logical analysis

-

neceseaxy for correct coding.
A great limitation of much behavioral research in the

electronics ti:oubleshooting area is tbat very simple circuits and
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" equipment are employed as the perfonnanc\é vehicles. With the
exception of the Rasmussen study and a few others, the academic
researchers have stayed with simple DC circu:.ts, Ohm's Law, and -
similar engineenng rudiments t.hat are easily analyzed. The pecple
who have really facgd up to the.big prime-equipment problems are
those who were under contract to prc;duée a Specific aid or tra;.niné
system, and to demonstrate it on an item of c;perationad com;:lexity.
‘ActUally, major troubles may require a very lengﬁ:lxy analysis. !Anyone
who does not believe this should consult Céffron's account of ap’
advanéed troubleshooting problem in a system rpade up of standard IC
‘ chips.- ‘Some thirty pages of teéhnical discussion are required to
explicate the test rat;ionale' (Coffron, 1979). Even a érogedﬁra'l

guide to this task would take several pieces of paper.

Another big gap in behavioral research on troubleshooting is the

. ) 4
near-absence of data on just how the technician codes, remembers, and

* retrieves information about the prime equipmen;:. Researchers often
focus too much on the outcome of the ‘performance, su-ch' as the time to
solution, or succéss or failure in'fi.nding a trouble, when they
'should be watching th.e process., Electronics material is abst':ra!ct,
and that is one reason‘ why it is so difficult to learn. What imagery
and analogies canbe used in vlsualizing the relationsﬁips in an AC
circuit? There are some hints from mnemorics, and we know that
makmg abstract material meanmgful, or coding items mto a story
line can facilitate memory, but do subjects use such techniques? And
could they easily learn to use them? We know that years of intensive

practice, say in engineering school, can produce great fluency in

<
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. - certain basic circuit relations, but we have few tricks to facilitate
or to rt—cuf: ;uch long exposure. There ;ze lear;xingu difficulties,
too, in going from qualitative to'quantitative appreciation of
felations. Suppose );ou are’ diéplaying the several 'currgn;:s and

- \{oltaiées in an amplifier stage. Each little current can be spown ifi"FT

. different colo;; and these cux_:ren‘ts can then be discgssed se‘parately
‘under the operating oondition_s of the _;:ircuit, as in the remarkable
Adams series of textbooks (Adams, i966) . Ifa component has changed

- Slightly m value;—though, the _troubleshootgr eventually may havé to.
perform quantitative mlysis; perhaps yia sets of equations. How

does this bridging from the qi.\glitaq‘ive to the quantitative come

about? Again, what imagery can support the performer? In other

" settings, Bruner (1965) has showﬁ how ingenious and concrete imagery

schemes can make abstragci: and difficult concepts accessible to

children, For instance, children can appreciate the concept of ‘tt.me

energy quantum. We need seme of this ingei;nﬁity to support troﬁbleshooter

cognj.tion. mgre is some evidence that the ability, to bring up vivid

volt.mtary images can aid in problem solving, through its association

with "ir:_iepengence_ of judgement® (Richardson, 1969). A related ?
cognitive hfn,t comes from Rowan (1965), who tested a programmatic
approach to s&lvir.ng algebra word probiems: | S
"'.'. -The program 'translates’ the word problems, step by step
into algebraic equations. A nmumber of algebra students do
the same. But other youngsters first translate the English
s prose into a 'picture' of the physical situation and then
' translate this representation into equations. And those who
perform this.indirect rather than direct translation prove

to be more powerful problem solvers," . L
~ ‘ Y

. This conclusion might apply directly to the circuit ahalysis domain; -

V.
[ ]
-
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good circuit analysts should be those who can originate a clear. picture ‘
of éirc_:uit: actions, , .

When subjects are presented with a logically simple trouble-
shooting problem, and can approach it from _éither a "work saving® or
"probability" standpoint, they initially ‘perform easy stage checks, )
gradually shifting to the more likely but more difficult kinds of
testing. At least they did so in the Detambel and Stolurow (1957)
experiment, when work was represented by the number o_f screws-in the
1id of each component, and probability was the likelihood of a
malfunction, As in t.he' other work cited, there were few optimal
troubleshooters. A similar setup, but with more units, was used by
Dale (1959). His display had:nineteen' electric socke;s, one of \:'hich
was defective. ) A#ar as the subjects knew, there was no particular
arrangement between the so‘ckets'. About a t.tzird searched randornly; |
but some used a stepwise pattern. When the subjects vere told that
the current was flowing through tﬁe ninet_een stages, and that the
malfunction could interrupt the current flow at any point, subjects -
were more systematic. As expected, the more informed subjects were
nore efficient. |

Neimark k1967) used a problem board equipped with shutters -\::hich‘ ]
could control viewing of test inf:)rmation; The opt:imai_half—.spliﬁ |
Strategf showed up again here, although_few people- applied it
stfictly. Some subjects uncovered good information ‘on the first

\

look, and therefore tended to become "gamblers.” These people would
eventually shift to a more systematic and conservative scheme,

however, if their gambling did not pay off. The results again

»
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.indicate a'general rationality, but not optimality, in search
behavior.

-

For same complex tasks, knowledge hiearachies can be defined.

'Gagne et al., (1961) took as the terminal behavmr the capability of

finding formulas for the Sum of n term. in a mmber series, ° ThlS
_termmal behavior was broken down mto prerequxsxte behaviors, and .
!these were then arranged in an ascending series, whlch were taught )
one level at a t1me. The fmal or hlghest level was not attempted
untll all the prerequl‘SJ,te Eehavmrs were mastered. Most ~c>fe&t:he
en'xpirit:al studies of this learning-hierarchy approach use "clean"‘
mathematical tasks, apd in those cases the data are predicted well |
from the stratif1ed-sk111 arranganent (Gagne et al., (1961). While
most trammg oourses do assume prerequlsltes and cumulative -
knowledges, a loglcalIy engmeered hlearachy does not guarantee
learning eff1c1ency, and may even hold up. progress (Mernll, 1965.
Johnson, 1972). Subjects can learn "from the tGp down and can
master lwer-gevel skills while working on the higher levels, It is
 still true, of course, that ap some point the lower-level
capabilities will have ' to be 'develope.d. The learning hierarchy idea
has not been fully been evaluated in troubleshooting of real |
equipmént, though hierarchies were defined for a fairly involved DC
circ'uit' problem (Wollmer & Bond, 1975). '
Cognitive styles can soetimes predict aspects of intellectual
petformnce that cannot be explained by aptitude and experience One
style feature is the way that a problem solver gathers information
about hi3 problem. Ir} quer 8 (1955) Air Force study, trainees who

/.\/:)
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‘preferred to seek princ;ples rather than facts performed better—in a
mechanics course. Gardner & Schoen (1962) - found a stable style of |
" cognitive control in their free-sorting test situation. Same
subjects made sharp and genuine cognitive differentiations when
arranging a set of items, while ot.ners merely listed concrete
features, and did little "real thinking." Interéstingly, this
"differentiating" cognitive style was indepenpdent of general )
‘o . intelligence. Perhaps it could be’confirmed in a troubleshooting
" domain, and could help to explain the wide individual differences in
evetx;:ual perfopmence, among eechnicians who are alIl selected on
general intelligence. Similar expectations might apply to the Witl;in
"t 1e1d mdepenflence concept, since people soormg high on that
vanable tend to achleve figure concepts readily, and to perform well
on the clesm - problems of Duncker and Maier (ﬁavs.s & Klausneier,
19‘20) . Nearly ia.ll of the cognitive style vanables proposed so far
- are of quest:.orTable utility, insofar as reliability and:
. o generahzabxhty are concetned, but, they offer some mtrigumg
research possibilities. -

As mentioned earlier, negative information is not employed in the ‘
same way as positive information. Wason's (1960) reSearch is a good
111ustratlon. In asking college students to generate a rule from a
number series, he i.nstructed eeesYOu will be given three nunbers
which conform to a si.mple rule that I have in mind....Your aim is to
discover this rule by writing down sets of ‘three numbers, together
- " with reasons for your choice.” A significant finding was that the

subjects seemed to avoid 'negative or disconf irming examples that
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could eliminate a given hypoél;ésis;- Campbell's (1965) experimeht was
along the same line. It presented word préblems \qherein the leti:eré
of the‘ words were réplééed by.other lgtters. If the 'le;:tet T
o sxﬁastitutidn had to be done indirectiy,"by eYimination, thén-the

. problems were more difficult. Johnson (1972) intérprets s;Jch resulté

in terms of information 1oag]:

"....Thére is an upper-limit to the amount of information that -
the individual can handle, and that as he approaches this limit
he makes errors. Presumably, he retains the information that

first comes to him while taking in new information tobe *

related to it. - If he can relate the new information direétly
to what is being retained, solution is easy. Bt if he must.
transform the new infonnatiop,’ as from negative to affirmative,
or lr(eve;;_sl':-.;its::he orgc_er, :;d ,changc: the sougject; the total load may
approac capacity errors may occur, .
The i:osi::.ive-negative logical disparity in human ‘pr:'ocessing can
also be demonstrated by timing the perfommance on specially- = . . .
constructed items, '1"he statement "seventy-eight is_'an odd number"
* can be answered quicker f.han the negative mmﬁ'part *"fifty-seven is
> not'e;n even number." As Johnson (1972) obsgrves, such items can be
written in cmnpletion form, and again the positive statement is
evaluated sooner. Jones (1966) showed that subjects can mark "3, 4,
7, 8" faster that they can mark "all numbers except 1, 2, 5, 6.'; .
Perhaps the ultimate in timing technology in this domain was achieved
‘ by Trabasso (1967). He gave one subject 32 selection rules about two-
part-figures that were systematically varied in size (large or |
small) and color (orange or green). A rule was phrased in terms of
+ . logical *and" (conjunctive) or logical "or" (disjurictive). A rule
like "orange and ora&a" was verified faster (.634 secs.) than

"orange and not-green” (.736 secs.), and "not green and not green”

3 -
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took .824 seconds. Trabasso then assumed that these time differences. .

-
.

| were due to-a basic transformation time. Thus, "orange and not-'
green,” though logically equwalent ‘to "orange and orange, took
about 'a tenth of a second longer because one transformation was
required fqr the not-green te_rm. 'mo transfomatmns ( not green and
riot-green”), would add another tenth of a second. Perhaps such .
transformation times are basic parame’ters'of human information
érﬁcessihé capability. As far as we know, nobody.has measured then
ih _troubleshooters.l

Conditional vfreasoning_ involves some kind of if-then contin-
gency. Here acjain, many logical ertors are observed when people are
asked to pi:ocess conditional statanentsﬂ. The format struc;;-ure can be

expressed in P Q form, as follows (Johnson, 1972):

If X is a fi'shﬂen X can swim P —=0Q
X is a fish | P

L ° ) )
Therefore, X can swim Q

Nearly everybody perceives this as a valid arqument. But the .
following fallacy is also perceived as-valid:

If X is a fish, then X can swim P —= Q
X can swim ‘ - o Q'
Therefore, X is a fish S P

One trouble with the conditional is that the subject may put k
temporal or causal meaning vinto a st:;ucture which is supposed to be
strictly logical. English words like if and then haveja distinct
time and order flavor about them. Also, the same Giffikulty withr
handling negation in ordinary logic is found with cohd%ticmal

A
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falsrty Wason s (1968) denonstratxon mvolves only four smple
cards, but it shows the logical and psychologxcal skeleton of the :
oonditional The four cards have D, 3, B, and 7 on their respectwe

. | faces, and the subJect_ is asked to evaluate the vahdrt): of the rule:
if there is a D on one side of any card, there is a 3 on the- other
side. Which cagds should be turned over? The oor ect answer is D
and 7. In the event, everybody selected D, becau;e if there Qas 2 .3
on theother side the rule would be v1olated, but it was much more

1ffiCult for people to see that 7 was the only other choice that

d invalidate the rule. Many people turn over the 3 card, a.nd
even -after hearing the answer and having it explained,. some s&bjects; :
do not feel right about it. Johnson-Laird and Wasbn (1970) thirk -
that the difficulty stems fram the incomplete "truth tables" which." |
. are'held by most people, and fr&- their set for truth rather than for
falsity. If the arquments are presented in a practmaI settmg,
! say with real objects, then the logical errors decrease sharply. . A‘s'
far as we know, there heve been no systematic studies of the | | ,
"negatiéeibgic" in human troubleshooting.

. This review, brief as it is, has given a glimpse of behavioral
research that is relevant- to troubleshwtrhg. Taken together, people ‘
‘who work on troubleshootiné programs and devices seem never .to refer
to it, Humrro's conclusion:from over twenty years ago still holds.

....the study of human proble'n solving, ooncept formstion, ‘
ptobab:uity learning and so forth, has provided J.ittle data of
T . hunediate use to the researcher. in electfenic troubleshooting.

has prwided certain limits as to i.mportent variables.... (Czeh,

»
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- 1957) . Rather little of this work has influenced the pract:ical design

of equi:ments, cour:ses, and troubleshooting praocedures.. Occasmnally
one will find an engineer who has heard of the half—spht notion, and

‘. some conception of & learning hierarchy is discernible in many les_son

a

Plans.’ But such items as "mnemonics for electronics,” "stoty coding”
~for manory, cognitive sytle, and hunfan proceging of condltmnallty
and falsxfxcatlon, are apparently not recogmzed outside of
psychology This could be due sunply to mterdxsczlplmary ignorance,
but . then it i8 very difficult to take a cor{ceptmn such as cognitive
style, or mgery—supported electromcs, and .to develop it into ’
somethmg useful for the real troubleshootmg domain. Suppose one
wished to ‘match a mlitary troubleshooting aid or training device to
" an individual*s cognitive style. There would have t-,o be a lot of

psychometric work, -difficult field tnals, and long-term commtment
from ope‘ratlonal coumands Instead of going through all thJ.s, the
practxcal operator might ask his technologists to set up the *
troubleshootxng task So.as to reduce the impact of cognitive st;le on
the search task. That is exactly what the aiders have done. . If the
&s and supports are effective, then mdlvidual va:iance in
processing skill will be minimized, or at least reduced. We have 4
already noted that concretizmg the P's and Q's of logic problems
will’ tend to, reduce the. logical errors, to mpr:ove performance
generally,gnd to make the task more routine for everybody. The
ptactical training and operei:ional executive wants this kind of
aiding, tather than an acadenic explication of the factors underlying

the performance when the aiding is not present.’
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Digital systems bring specia‘l problems and opportunitie. to the
behavior analyst. A large digital systen is an assembly of aany
copies of a few standard units. There are only about a dozen bas:tc
logic functions such as AND, OR, NOR, or NAND. Each of these '_ -
functions has a logical truth table, and can be realized in hardware
by means. of various technologies. Usually an item such as an CR gate

is encapsulated as a small integrated circuit. Operating

. sectiors of a system can then be put together by an array of the <

simple functions. For instance, information which is ooded in.four
binery digits as 0's and 1's can be converted to dec:mal form .by
means of 8 inverters and 8 MND gates, and the whole converter. can be
smaller thari a letter, or even a dot, on this page (Coffron, 1979)

~ Understanding a digital system seems to be a psychological
challenge for many people. It takes some time to get used to the
many logical 0's and 1's that are processed and transferred about.
Sitice transistors,’ resistots, and diodes are often enployed in the .
Circuits, the student also must . know,enough electronics to foll‘.ow the
current states in a bistable device or an operational amplifier. "
Often, there is not much imagery to assist human memory 'in holding . -
the big logic arrays&in mind. The digital system with its abstract -

'desigr\ may seem to be austere and counter-intuitive.

Digital components such as dounters and shift registers are
driven by special clocks, and so the timing is extremely critical |
The .clean and definite nature of the signals, and of the flip-flop ”
circuits, means that a. timing Wdiagram of signals and events in a r
circuit can be very precise. A timincg layout may show free-running

1]
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| clock pulses running along a top line, with real time going to the
right. Below'this there could be many other event lines, which ‘shw
preset, clear, and cutput-synchronous evénts. Such diagrams seem not
to be very memerable, however, and the meaning of all the time
intervals can quickly be forgotten., Furthermore, unless every event
is understood at some physical action level, the diagram may be
useless in a real trouble' search, and the technician can get Yost in
a jumble of microsecond-duration events. The cognitive problem in digital
electronics seems to be somewhat similar to that of the computer -
programmer (Or debugger) who must at once understand a complex program
at a globa.l lavel, yet Be able to deal with the most minute aspect of

_one or mox:e indw;.dual i.nstructmns.

There is another type of intellectual effort that is required of

any eleetronic technician, land i:articularly so of ohe-working on

a digital system. A quote from an engineering text will give tl;xe

s
flavor:

«e..When we look at the overall system....we see feed-back -
loops, DAC's, LED displays, and digital counters.... The
troubleshooter must develop the ability to separate in his . °
thinking the individual subcircuits from the complete
circuit or system. This is a mental separation at first for
the purpose of understanding the small circuit and large.

. System operation. The second step will be to apply the
mental separation to thé physical hardware to accomplish the
task of troubleshooting.® (Coffron 1979). '

Again, this "mental separauon depends on a detailed
appreciation of citcun: functions and mter-relatmns, at:
some level. In fact, somecne who could troubleshoot each little sub-
circuit would probably not need much further capability t6 do the
whole thing. There is a big ;;icture, of course, butlwork;ng 'ins.ide

A}
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the big picture depends on many little perceptions which are .‘
accurate. One training strategy, which is often used in the computer
industry, is to teach just enough electronic theory’ for the
technician to understand -the dozen basm logic funtions in digital
processors, or perhaps only that set that he "has to know about, _

"\
order to use the aids furnished to him,

. There are special prohlems in the location of intermittent

Q faults, and the process of finding then is just,be.g'inning tobe
modeled (Varshney, 1978). Many such faults energe only under certain :
conditions of age, timing, and adverse operation. The necessxty for
finding mtern‘uttents is one of the most challenging problems the
technician faces now, and thiswill probably continue into the
future. From theoretical considerations, the "memory” required for
intermittent troubles will be found partly in thé technician's head,
and partly in his aids. No behavioral research has been' done in this
area. ( . | ' ,

g If the troubleshooter of the immediate future will indeed be
primarily a highly-skilled user of complex procedures and aids, then
information about the way that p:mxgg are ieemé should be useful
in preparing such people. Again, there are pr}:mising ideas and ~
: hints from academic research, but not much that is easily apph%
Norman (1978) » for example, says that the common sense notion of ™
repeated practice as the key to leaming mdy be largely erroneous.

‘ Instead of exﬂiess.repetition, learning often proceeds better if a
étory line _ie mapped onto the new material, or if mnemonics and
visualization can be uti\lized. A well-learned complex procedure can

-
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give the pe:fdrmer -a play-like experiencé of "flow," which can be
intensely satisfying (Csikszentmihalyi, 1975). Norman believes that a_
student should know more about' his own psychology of learning, and
’ about the way he responds to practice schedules, feedback, and the
arrangement of materials. White (1959) points out that being able to
do things well gnres one a feeling of effectance, Qf being -in
co,ntrol of one s iactions. Since White's effectance idea requn:es
that the performer have same oppor tunity for gnglpatmg parts of a
task sequencé, the designers of future trouble-shooting aids might
well program certain possibilities for individual choice into their
. | complex test routines. The best troublesl"noot\ving aid might be one
which has just the pfght amount of cognitive novelty for the person
using itf
It is well known'tﬁat there are 'w_ays to memorize very large
quantities of data by utilizing "peg-wofd hooks" as in the Furpt
memory system (Logan; 1956) . Even if a large table of symptom=
funct;ion relationships' were menorizéd, however, Ee .problem of
, correctly exploiting thoe data would remain, Considering the ease of -
substituting paper or microcitcuitry for human memory, the pursuit of

-
L4

.memory enhancement, without understanding, seems unattractive,

13
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. &Lqimenng A Maintaipable Svstem
P90p1e who have worked on human factors problems in complex .
equipnent often have disparate views of the world, but on one issue*
- they are almost universally agreed: almost never is sufficient .

‘. attention given to "people problems” in the design of a new prime -
ﬁé equr_gnent. A little -reflect-ion and observation will suggest why this
. is so. 1In the standard R & D scenario, a sc1,entist or engineer has

‘a bright idea, for a new. hardware item. After some oompany-fundeo
preliminary work a proposal is made to NASA, FAA, or a military,
service. Contracts are let, and the development cycle begins. In

the early stages, nearly the total emphasis is on engineering ’
. feagibility, and such matters as packaging, logistics, and ease of
maintenance always “can be taken care of later."” Since the equipment
is complex and is challenging the technical limits, there.will be
! mahy problems J.n getting out a working prototype, “and by §n there
probably will be time and cost overruns. If the hardware conception

is basically valid, then a short time before delivery some attention

‘ o will be given to. support functions, and the namtainability
5pecialist and other support people will be allowed to look at the
project By then, though, radical design changes may be expensive or
mposs;.ble, and quick fixes may be attempted. Once more, an
incomplete system goes into'service.

. Of course, there can be strong persons along the develcpment
trail who insist on maintenance oonsiderations all the way: At '
mi.litary procurement desks these are often people who have had to use

new equipment in the &eld, and who are sensiti);e-to the problems.

. 47
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But the persons with the téch_nologica} ideas are us&engineerss

" and scientists who perceive the main challenge as one of innovative
design. They get their satisfactions, and their reputations, from
the design activities.( The program managers, on the other hand, have.
bu:iget and delivery schedules in mind, as well as acceptance tests
and field trials. A lot of money and prestige is riding on the basic
project feasibility. In these circumstances,. main;:ainaﬁility is just .
another secondary support irritation to worry about.

There is a “désign side" to maintainability analysis, and
there is a "system availébil}ty“ sid;a. Availability -is often ~
,exére_ssed as a joirma's:ure of reliability and maintainability.
Thus, if reliability is denoteq by. Mean Time Between Failure (MIBF) ‘
and if maintainab#lity is measured as Mean Time To Repair (MMIR), -

' then Availability (A) can be expressed as a simple ratio:

el

MIBE .
A= MIBF. + MIR

Formulas like this can be computed, graéhed, and extended
mathematically in many ways. As just one example, MI'TR is often
 assumedto follow a log-hormal distribution, and under this

assumption the likelihoods of certain aﬁilability levels may be
computed. Eguations l'iké thig_ can show clearly the tradeoff between
reliability and maintainability, and it is no doubt interesgiﬁc_;' ,t?o | ‘
work out graphs relating availability to various numbers of c.

R & D dollars. But such formulas are rathe:‘ empty, because they do
not tell what o do in drder to achieve a given level of availability.
Hence we do not pursue the availability question here, exscept to say
that we have almost never seen a milit;ty service hold a manufacturer

-
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to the availability promised in the original proposal. .

'lfhe design side of meintainability engineering is a much richer |
and more useful discipline. Tt encourages the formulation of an
explicit'mintenance policy, it gives specific design rulec which are
(sometimes) behaviorelly based .and it can stay close to .the work
that must be performed. when fully. implemented, a maintainability
effort starts with the maintenance concept for a given prime

- equ1pnen}:. The coneept def ines levels of maintenance, the
arrangements for support by mobile and depot facilities, the number
of operational:and mgintenance instaklations, spare parts faéilities,
and other‘systen requirements. There will also be a repair policy.

. A system can be designed to be nonmaintainable, partially repairable,
or fully repairable (a nonmaintainable item is not repaired, but
simply replaced by a spare). A partially repa1rab1e system will have
Some assemblies which are throwaway items, while others will be fixed
when they fail. 1Ideally the maintenance concept will be complete,
that is, actual behavior constraints required at the different levels
will be fully designated. |
| ~ Subsequent steps in a good madintainability program will go on to
tradeoffs/design assistance and review, and the demonstration of a
mintenance capab_;.}lity (Blanchard & Lwery, 1969) . Check-hsts and
hardvare evaluation sheets are'ised to score each equipment item, In
a large project, there will be much paper related to design

- recommendations, and regular maintainability meet.ings‘ - ‘l‘he final

* demchstration is often two-phased. The first one takes place at the

.contractor 8 facility and uses contractor personnel: the second is

19
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held in the user's enviromnent such as a Navy Shlp, with the user's

people in charge, .
It is surprisingly Giffitult to prove the-utility of a

maintainability program. There are many case studies and

illustrations of the presumed benefits of redesigning an equipment

for ease of maintenanced, A favorite textbook example is an Army

field radio, ﬂwl:xich had many arbitrarily designed and located switches

and dials and contrdls on its front panel. To operate or check the
& original radio, a technician had to explore the entire panel. The

task sequence was made more regular, allowing the '\operator to start
at the top and work ‘clockwise around the ftoﬁt panel. Readout dials
and t_gst points were made more ;egible, and the‘switc;hes were
. l,e-.nlar:ged and shéped s<; they could bé :iiscriminated by a gloved hand
‘ L\hthe dark. Inside t.he box, a part1a1 rearrangenent of wires and
parts was done, so that the electromc states were more clear-cut to
the repairman, and use of clips and clamps hastened the removal of
parts. Yet, nobody ever really proved these mprovenents resulted in

better field usefulness of that radio. .
Maintainability design and planning effort should be considered

as a n_eceséary but insufficient condition for good troubleshooting.

The.cognitive load on the technician is the key thing. It does

not help the technigian much to 'Txave an accessible test pomt if the
" meaning of the '(ioltage at that place is obscure, or if he does not

know which voltage to look at. We would argue for a basic behavioral

referénce for many of the design proposals made by maintainability

Fopeople. )
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Maintainab¥ ity programs rarely admit a fact which is obvious to
others: sometimes the corrective maintenance technician has an
impossible task. One Navy air-search radar, for' example, could not
be maintained by typ1ca1 technicians. The system was extremely |
conphcated Designed just before the mtegrat:ed-c:.rcult
technologlcal revolutlon, it had several cabinets Jammed full of
subsystems, Scme of the test sets accompanying 1t were novel, and
difficult to use, The manuals were beautifully boL}nd but
impenetrable to the average utechhician. Spares were often very
expenswe, which made a throwaway policy untenable. A graduate
electrical engineer might have kept the radar going with months of
speczflc training on ‘it, no other duties to perform, and a b,xg parts

-

budget. Here was a total operational failure, yet the

maintainability documents and field advisories kept coming in a
steadyé:cw, both from the manufacturer and the Washmgton bureaus,
Nobody ever said, out loud, that the system was not mamtamable.
'I‘he point is obvious: real troubleshooting in the services is often
done by pecple who have a year or less in a mhtary technical school
.and same months in the fielq, and there are many items they simply
cannot service, Whén the maintainability and planning documents do \
' deal with human ,capabilitles, the reference is often to formal school
levels or ratings, with assumptions of capability in the higher
‘ enlisted ranks. 'l‘he assmptions are often wrong; many first class -

-
. E'r's are not fitst class troubleshooters,

Why is so much equipment plainly unsatisfactory from an
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elementary design sténdpoint? ‘Do the engineers not know of our
maintainability design guides and review procedures? What about thg .
gesign suggestions we have catalogued—are they seriously inadequate
or incomplete? Maybe the best answer is that while maintainability
guides and directives are .often known by and'avai;able to t@e
desfgqer, there is not a sufficiently clear payoff to be haé from
consulting them in a éystematic way. After all, much of the advice is

rather cbvious: Keep it le, label things clearly, organize check

sequencef in a natural ordger, write the manuals sSo users can
understand them, encase f agile parts in plastic. Glancing through a
set of homilies like thosk, a professional engineer might think he
was not getting anything povel. haps an even more bagic answer,
and a major key to event utlization of the advice we do have, is

that maintainability people are staff people, and seldom have the

_ power ﬁfgimpose their arts onto a design. ‘This situation can change

: n eqﬁipmept|mg§§ be maintainable, as“in a submarine or a NASA
:Z:ce labdbratory. Fortunatély, human factors.courses appear,more‘
frequently in engineering curricula, and are also popular in middle-

~ management military courses. The most critical- pressure for
application will come from the users. Unless thét pressure is
applied, good maintainability engiﬁeering will continue to be v;ry_

rare,

SECTION III. AIDING AND TRAINING THE TROUBLESHOOTER
Alding Concepts and Devices |

gsé
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- The tech manual is the original aid. It has always been provided -
as a part of the prime equipment package. Much effo‘rt alyays goes ‘ .
into it, and yet the tech manuals have. usually been msatisféétory to
the user. Maybe this is because there: are many users—maintenance
technicians, installers, operators, parts suppliers, ‘field engirieer‘s,
field change people, curriculum planners, and so on.
While the inforr,nation in a manual may be correct, it may be
J'.mppossible for a typical user to find Sut jdst Qhat-he wants to
know. The troubleshooting séction of the manual was, and often still
is,_.not arranged well for a military technician who is trying to tfmd
| and replace a féxulty t:nit in the middle of the night.
Things are better when special troubleshooting manuals are
produced, on the basis of behavioral considerations such as thesé :
(Rigney, 1970);

1." Content organization should follow the sequence of events
in the job. The first things in the book should be the

first things the technician does as the search prdceedsy
® ‘ The technician works through the bogk, which becomes
' . I ~ more detailed, . ' S .

-

2.

A <1919)08 MG CaSVarlt . 23S 5
Thuse”a troubleshooter's manual should include only the

items that the individual needs,

3. The level of di - be PEiate to thé use
technical knowledge. A trained technicjan probably does
not know much electronics theory, and he cannot use an
engineer's ocourse on theory of operation of the
_particular system he is working on now.

» 4. The information should « An idealized wave-
. form in a manual may not be a good basis for comparison
"with a real wave shape at a test point. It is |
often surprisingly difficult, or impossjble, to obtain the
gg "normal® parameters as shown in a manual.’ Failure to
in the reference indications can cause considerable
~ confusion for the technician. o . Q

-

i .
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o | _' usecortectly (Shriver,

5. shou oonvenie 56 = g
M_- Manuals should be easy to carry, to read, -
and to prop up in cramped spaces. Sometimes a “manual®
could be samething like a pack of plastic cards riveted

together at the corners, or a small device with slides
and wheels.

There are military spe“:ifi.cations calling for such inpkovatnengs.,' "
of coursé, .but the manuals still are praiuced by much the: same .
process, and the same people, that produced the oldei’ inadequate
ones. ,DOD has devoted large sums to nénual-— rovement projects -in
recent years, such as “new concept” projects in manual writimj_ and
\ production (Klesch, 1979). The’se efforts are beginning to have an .
.impact. A most convmcmg demonstrat:.on by Potter (1976) compared a
fully-proceduralized (FP‘I‘A) manual and a logic-tree manual (LTTA)
with a regular Technical Ordeg (T0). Both new formats produced
better ti:oubleshooting, less .wasted parté, and ~poszitive acceptnnce by )
" the field people. This study used Air Force 0perationa1 radar and .
y Computer gear, and presented reahstu: fault-locatmn problems.
Abou; t(pe only disadvantages of t.he new formats were -the higher
i pr.*-eparatxon costs, and the extreme necessity for avoiding errors in
_ » | the doc}mntati;n (if a man following FPTA instructions is told to go
; * L. to page ‘37 when he should go to page 73, 'he may be irretrievably

yo '_ lost ) Shnver s analysis of tr\e new presentatmn formats indicates

that t_:hey are all based on a si gle assmption:
'.ees€Xperts can analyze the equipnent, figure out what

| S ,i. . Shoudg be done to it im ery possible situation, and

record this in Technical|Manuals that even a novice can

) -+ . shriver goes’ to state that\this concept is realized by means
' of four techniques fo producing content (task analysis, behavioral

. . -

- . o
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C © cues at each step, etc, ): and the apprec:.atmn of t.tus content: is
then enhanceo by enploymg good readamhty and dlsblay oons;deratmns.
' \ shriver also Observes that the tec{zn;c;an may only need system
undérstanding at a block level, and not at an electron level. This
' accords well with the evidence that electron-level knowledge is not
. well retained following academic training, . |

In this category, we think of items like the flow diagram for the

0

- "B7 fire control” (Morgan, et al., 1963), and the Experimental Failt
'Locator (XFL) troubleshooting wheel, developed by Rigney and Fromer
- . at B’IL (Rigney, et ale, 19655.": Morgan's diagram offered a clear
- funct:.onal layout of test points and line replaceable units, and also .‘
furmshed a sequence of checks to follow. Rough but effective test
tolerances were also provided For example, the guide says that at a
testpomt the "wave shape is not critical;" but the agbsence of a
: s:.gnal, or the presence of spurious osc111at10ns, does mdlcate a

> malfunction. This is just the kind of information that a technician

S needs, and can use. S
' The XFL wheel is a circular plastic device, similar to a circular
. slide rule; it contains a symptam-malfunction matrix for a Navy,
A,

~ transceiver,’ along with ‘an algorithm for selecting i:he next front

pahel test to perform until the feult is ized. The device thus

unburdens the technician in two respécts:
significant symptans, and the fom?latibn of a
for m_trowing down t.he fault. mdio operators, who had no training
in maintenance work, were able te use the XFL in a fe\\; heurg, and

ty for the malfunction-

'~ search plan
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‘could localize faults inserted in the equipment. This £inding not

only indicated the value of the aid, but also confirmed our general
thesis that, if an adequate next-step selection aid is available to a

technician, good troubleshooting behavior can be expected. - N

Many other hand-held devices like these two have been mvented.
and some have reached the f ielEl The cnginal research studies
almost always show the effectiveness of such items, but somehow the
aids themselves rarely become widely distributed and uta;l_isegl_ one '
thing is certain: One cannot simply develop a dev:.ce, send it to a
Navy or Atmy field unit, and assume it will be employed. The fhield
people have to be prepared for the device, tney have to be trained in
its applica?:icn, and most important of all, they have to feel a need
for the things that the cevice can do. |

‘Perhaps one reason that aiding devices are not widely seen on the
job is that they have been somewhat resistant to updating; The aid

may, for instance, not take account of field changes in the
. hN N

particular prime equipment’. If the technician tries to use it, and

N

encounters an error or amission, he may ('\‘visely) discard the whole.

-

thing; when actually it would wogk most of the time., We have often

 heard téckmi;::iens say’ that a.riew tech manual or other job aid is "no

good but subsequently close questioning indicated that the. item had
never been given a fair tg.al Sometimes an outside observer gets
the idea that technicians in the field are too suspicious of schemes

~ and devices which are provided to them. It is hard to say how much of

this :ejecticn is due to previdus experience with really inadequate
mterials, and how much is due to the field person's need to maintain

o6
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his own disc;etion and control over his work. Whét cannot
. 'be ignored is that something abbut the field environment presents
-~ serious difficulties to the succgssful mtroductlon of a job aid.

: Right now, the most excxflng‘ hand-held a1d possﬂnhtnes are
those mvolvmg micro~-computers, eSpecxally those te:med
programmable calculators. In 1979 technology, a small ‘memony cube
(read-only memory or ROM) about a half-inch on each side; holding
nearly a thousand program instructio\ns, plugs into the side & a .

. small hand-held mmﬁlter; If desirgd‘, a light printer can be N
attached. The whole thing weighs only a few pounds, is ultra-
reliable, and costs less th'a\n_ ‘40'0_. doll‘ars. Speci‘al-pu.rpose ROM's
T - appfdximtely the size of sugar cubes, "can be produced economitally
‘ in quantities] over é few hundred. Thus, we envision a proliferation
of this technology which transforms a gen‘éz:al'-purpo"se processor into ..
. a special-purpose machine, - _ %
In addition to commercial apphcatmns of this technology, Towne .
L (1977) has mplemented a detalled t:oubleshootmg strategy for the
. URC-32 tranceiver, to demonstrate the{ potential of guiding the
troubleshooter with a hand~held processor., The services have also
begun to enplcy this technology both in the schoels and the fleet.
The latest development . in prograrmable calculators, the Hewlett
Packard 41-C, provides non—volatile memory, eluninatmg the need to
load a program each day. And there is a full alplmntmeric display.
This latter capabili_ty allows a truly interactive program in which
user inputs are cued by natural English words and phrases. While not

yet built into a programmable calculator, voice synthesizers and

Ty
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. generators have been sufficiently miniaturized and més—p;odpced to
be incorporatd in the next genefation of hand%xeld devices,
The term "hmnarr-oriented' is used here to differentiate such
| ’systems from automatic test equipnent, which is usually strictly
. . hardware—onented Until a fey years ago, computer assisted”
| . usua]:ly meant that an ald was driven by its own prime equ:.pnent.
When tmeshare technology became Cheap and rellable, it became
_convma.ent to store maintenance charts and sequence mfonnat;on in a
master program which could advise the technician -about the best next
test to perform, A complete system like this becomes a more or less
" sophisticated pageé turner, which 1s based on a large network of
contingent actlon-chome# Though the concept seems smple enough, )
setting up a practital program is a considerable task. A good
N example is a special logic-tree program written in the IBM . |
/ Coursewriter langbage using the IBIt 1440-1410 camputer and a 1050
student ten:uinal for storage and display‘ (Rigney et al., 1966). After
- o only an hour or so of computer-aided practice, a Chief Radioman who
‘ had never operated the URC-32 transceiver was able to evork through
five trouble sequences on the real equipnent,’ which was standing nexf. |
inal. All except one of these problems were

This demonstration showed thdt special languages like Course-
- writer can be utilized quickly by electronics instructors who are not
trained programmers, and thatfeven a few hours of computer-guided

'._G‘ | 58 "
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' Practice can show interesting beha\'ior.el results, For each trouble-
. Shooting problem, however, a spec.al program had to be written in
otder to prov1de a "trace" through the symptan—malfmctmn tree. To .
generalize thxs guidance fanction, and to make it less problem
dependent, Towne and King of BTL ptoduced the XIDE oonf1gurat10n.
AIDE accepts troubleshooting tree data from any prime equipment in a
standardized fOrmat, and fu;:nzshes analyses of "next best check,"
detailed task specifications, procedure lists, exercnses m symptom: ‘/
mterpretatmn, exermSes in equipment set-up, or s:.mulated
maintenance problems, The unique goal of AIDE was to serve as a .
performance aid, a training system, or some mix of those two
functions, as determined from a particular user's .needs and experience,
At the mnent, the AIDE denonstration data base stores 125 coYor
mcrogtaphzc images and thousands of words of appropriate fault-
;, 9 1ocatmg software. This is enough information for a significant part
of a large radar system. E*or the complete radar systahperhaps 1000
images would be needed, but there would be no adchtlonal software or
coni:uter memory. :
- Another advanced computerized aid is the I.DGM)D Diagnostic Test
Set, which was designed by DePaul and his associates, as a means of
[ ‘ . meeting sixteen desirable attributes of a performance aid (DePaul,
' 1979) . The LOGMOD hardware is about the same size as a 15-inch :
portable TV set It can provide test sequences, repau parts
-listings, reliabilnity data, interpretation of test readings, and so
. . forth. 'The equivalent of 500.pages of manual, information can be
stored on dne 5-1/2-1fh floppy disk, which can be accessed in
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- numerous «ways,

- training modes, These approaches can realizé all the behavioral
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‘Ihere is surely reason for optimism, then, on the-technology side
of the¢ aiding question. - The utilization of the hand-%-held computer,
with a special' memory cube for maintenance, is on the way. And
slightly larger systelns like AIDE and LOGMOD can store and deliver_ an

- immense amount of information, and can operate in several aiding and

-

-

- #fficiencies promised by the fully-proceduralized manuals, in a more
i responsive format. * .
u Certain problems 1n getting all this to the user will persist,
hwevet. Over the near term, success or failure of the aiding .
technolng;r may depend heavily on‘ the militany's reaction to softer
_problens of implementation, which are intrinsic to all large
Brganizations. Suppose a hew aiding idea is developed, tested, and
- ready to be put into the field. Nobody greets itbwith open arms. ’
" The military field commander has long since adapted to margiml c
performance as the standard, and he knows that he will bg gone before
any perceptible benefits will ccme from this new idea 'l‘here are
- large and unwieldy support bureaus who might be ‘t.hreatened by the new
idea. The "trainin'g planners, lesson-writers, and school managers
-ugually will not be eager to help; they may fear that the aid will .
“make their squls apear to be outmoded or minecesSary. These are
conservative, en_trenched, and powerful agencies; they have their own
departments for research and development, which it is in their
'interest to preserve and expand. They will say, "Well, we're already
__slotng that."” They will think the idea is intruding upon their

-
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damair, or they will want it to be implemented, if at all, by a
section og theif present organization; at a time conven_ient for
them, Or; they may attempt to offer a "watered down" veréi'on (Foiey,
1978). They may claim that introduct:icm of the new idea will cause
budget difficulties, or they may prevent access to research subjects
in tfaining schools, because "....we have personnel quotas to |
deliver.® | ' | ' |
Given such a oonservétive gys'ten, what can be do_ne by the
research community? One thing we can do is to stay closer to the
réal 5perationa1 néeds, and to make our demonstrations sharper, so
that the value of new methods is- clearly @stéeffectivé. Training
\establisments and manual writers often concentrate on delivering
* manpower quotas and staying within budgets. ) They are not necesearily .
rei.nforced,for solving the field problems. Inaba (1979) put it
plainly enough: ‘ |
"Liffle attention is given to the usability of the
manuals or the performance capabilities of the o
. Students....If a change is made and the technicians -become .
s more productive, the publications and/or training manager .
.. -.. @b 'not share in the benef its—except possibly for a
. " compliment,® -
B $But this means that samebody who does concentrate on the ,real A
operational prqbléns may find that hg can make an impact outside
the usual bure;ucracy.' A strong project office, for example, is
- often able to implement quickly a new aiding notion, as part of a _
hardware procurement package. The maintenance concept for at least
* one Navy shipboard computer System was implemented in tliis vay.
Mmtic Test Equipment (ATF). “
o .Probably no single maintenance development has been so powerful,

' 6y 61.




. " - " Page 54

[

and yet so ineffective, as has ATE. A soﬁisticaged ATE routine can

sampie hundreds of measur;nents in a short ti'imé) and can race through

. @ whole pre-launch seqtzeﬁce before a téchnician ocould get a meteé out
" of its case. Often the ATE system really can Iocagé fa;ults? some

- prograhs even print out an English statement of just what needs to be

done, and then "thank you" for doing the corrective work. Such

‘ rrarvelous c:apabilities lead to a trap, however, by syigesting that

- . 7/ Ls:':nce“m’l’can a0’ so much, it can do everything, and skilled human
troubleshooters will be unnecessary. This suppoTition is false.
Recent higtdry. proves that ATE j:s e:gtrene}{ vulnerable®to programming
snarls, prime equipment inaccessibility, the software difficulties of

o " N writi_ng’fauit location routines, the incoﬁpatibil_ity between

”~ y ) -

) £ automatic and manual test procedures, and so forth,

Many good analyses of ATE development issues have been published

(e.g., Myles, 1978; Van Hemel, 1978; SETE, 1965). The overselling of
ATE capabilties still goes on, however. A recent example is the -

e Versatile Avionics Shop Test (VAST) concept. This is an expensive

and comp}éx general-purpose test .system for avionics. The system is .

L

an engineering ;_qu_d_eh_fgr_g which really can help the technician.

use VAST (Van Hemel, 1979):
g “The original concept.of VAST envisioned the use of an

- operator with minimal training....This concept has been
shown lacking because it anticipates a situation ‘in which
the program will be perfect, The machine will always

= operate properly, -and documentation associated with the
testing process will always be up~to-date and correct.
Experience has shown that all of these factors seldom
prevail in spite of the most stringent efforts....The
assumptions originally made concerning the VAST main-

~ tenance technician also suffered fram the same inac-

*

A
-

But consider the following quote about the training of pecple who
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! t

curacies as with the operator....this technician required
more training and experience to effectlvely troubleshoot.
the  compl ex VAST system," '

With enough money and effort, systems like VAST can be made to
operate. But they seldom achieve their expectations, and they can be
’Just another source of frustratlon to the f1e{§ people because they
do not begin from a behav1ora1—requ1rement base. Indeed, an
_ interesting research project might be an attempt to apply human

factors and technician-behavior requ1rements to a ccmplex ATE

system; during the design phases. As far as we know, this has not

yet been dong on a systematic scale.

¢
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., Training .
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Readers of this report will be famihar with the ordinary
sequence of technical schooling- in the Services, ‘and with the
staggering nunbers of courses, schools, | and students. The DOD is
probably the biggest schoolhouse in the world (Shriver, 1975). A

_ recent Defense Sciences Board (Alluisi, 1976) concluded that

,technical training in the U.S. military was usually effective, and

one can ’accept that judgment. From a research standpoint, there are
surprisingly. few thorough evaluations of the training system. There
are indeed many body counts,. and schools 6f§:eh:send out
qpestionri‘;ires to- the using commands, asking for data on the
proficiencies and deficiencies of, school graduates. Such information

is presmably,u;ed in'modifyipg courses., When geriuing experimental

evaluations are carried out, though, t’hey are often done in a context

A

of a special training item, such as an aircraft simulator. Since
i‘ealxstlc simylators are very expensive, it makes sense to fmd out
whet:her they really save time in the a1rcraft In thls part1cular
ca.se, acceptable criterion measures can be defined, and the utility,
and even the cost-efféectiveness, of a training device can be )
estimated (Orlansky and String, 1976) .

But with no criterion to gu-ide most tecﬁnical\ training courses,
the usual curricular appfoach is to furnish gene'ral "theory"
infomation, with the expectation that this information will be the
basis for on-the-job specialization later (shriver, 1975): It is

hoped the technician can then figure out what to do, reqardless of

64
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conditions._ Certainly it works this way someti.zs, but often lt does
not. The theory which is leamed, and most likely quickly forgotten,
may be sc indirectly related to later activitie: as to.be 1rre1evant,
and there ma) be no dzrect training at all in the tasks that must be
perfor:med The present training system is beginning to respond to

such c1rcumstanoes, ‘although rather slowly. Inaba (1979)" notes, - for
instance, that the Navy has started to teach the manuals-

v

«+e«.the cour esSentlally leads t.he students
through the’ manualss,s(but) the emphasis on using manuals .
in training has not really helped much because the

manuals are not usable. Once the student leaves the
training enviromnent, the manuals are put back on the
~ * shelf again."

- .

‘I'ne two mam scientific d1fflcult17[s. w1th oonventlonal trammg
courses seem_ to be (1) the lack of a criterion to assess the adequacy
of the teachmg, so that the system is not self-correctmg, and (2)
the lack of a clear~cut behavioral " requirement underlymg the
trainmg plan. Instead, trainmg plans begin with a set of
assumptions about background information that a person needs, to be
able to learn on the job. - .

_These two difficulties conceivably could be alleviated, by
research or by fiat. But there are administrative difficulties as
well; To repeat an earlier pomt, the military trammg system
is essentially a monopoly, with its own power and autonomy. - It does

not respond quickly to a new method or a new requirement, b‘ecause it

'does not have to. Also, a training unit may not easily accept inputs

from, say, the aiding people or' the manual writers,\in defm:lng
Course content or practice schedules. The trainer may think that
these other pecple want to eliminate training (Inaba, 1979), and so

-
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he may go ahead with his "general technical information® approach.

‘After all, that was the way he was taught, and the way he knows
| best. Despite such ‘conservatism, we should be slow to disparage
° | conventional training,, It is often surprisingly difficult, for
| ipstance, to improve upon cohventiona’l 'train»j.ng with advanced
educational technology, as is shown in the next section

) CM@‘rS"hévé’ been used as a practical school aid Tor mearly
fifteen years. The firét successful application of Computer Aideci
Instruction (CAI) was the Suppes-Atkinson pro;ect at Stanford, which
g%antmetlc and spellmg lessons to young cluldren, starting in
1965. The Palo Alto classroom had 18 student stations, each one
‘equipped thh 1ts own termmal In military trammg, there have
been about 30 studies of CAI-CMI (Computer Managed Instruction)
effect'ive'ness, and these have been conect:.ed and exhaustively
analyzed by Orlansky and String (1979). Andhg their findings are the
following: : | )

a. Bffectxveness has been measu::ed only by testmg student
‘achievement at school, and pot by performance on the job,

~ , b. Student achievement in CAI-CMI courses is about the same
' as that observed under conventional instruction.

c. CAI-QMI ¢ourses save about 30 percent (median value) of
the time'required to finish the same course given under
conventional instructioh; the time savings vary across
courses and situations.

d. Cost-effectivness of CAI-CMI has not been conclusively
demonstrated, though some impressive "avoided cost” )
dollar savings can be claimed for the Navy CMI system.

. 'Ihese results, which are well documented in the Orlansky-String

report, should temper any excessive enthusiasm for CAI-CMI courses as
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the key*to technical trammg efficiency. of oourse, the course
trials that have been reported may not represent the most advanceo ‘
technology ava11abfe. Truly radical CAI-OMI mprovements may await
better psychological information\. dbout the way students visualize and
absorb oomplex physical and mathe

learn a sequentlal procedure. Clever scheduling of lessons or real-
time monitoring of performance cannq subE\tltute for process
infbrmatmn -about the learher.’ i

)

Two 1ntngu1ng minor results came out in the Orlansky-Stnng
‘survey of military CAI~MI. One of these was| that OMI was about as
effective as CAI, in the saving of student training time. ﬁqwever.
MI assistance odsts only five to seven cents per student hour,
whereas CAI costs a dollar or more per hour., On the b351$ of this
crude comparison, CMI is some thirty times as cost-effective as .

CAI! of course, there are difficulties with such a s:.mple—nunded
argment, but it J$ St111 surprising that CAI should not do better
than OMI. | ! L,

The other, findiné ues.‘ tﬁat instructors were often Lﬁfworahle to
both CAT and CMI. Many, pecple who wogk in the computer-aiding field
th:tnk they are helping the' inst.ruct'ors. For example, the claim is "
often'made that by taking the drill-and-practice burden off the
instructor’s shoulders. the cmputet makes his job easier, and allows
him to concentrate on more difficult conceptual teaching. Why, then,
are the instructors mfavorable, and are their negative attitudes due
- to sanething specific about the cmputer-aiding part of it, to

mfaminarity with the system, or to perceived loss of course’

- : 3

tical relatmns, or -the way they .-

-
S
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g:; . . cont.'rol?‘ The matter deserves dare’ful" study. r;egardless of how
,, §§ . mperized a course is, there always must be human instructors
. ‘:3 %: PR around to 16ad and run it, and to serve as consultants. , T
f ' ;‘ ._“- | Maintenanoe trainers and simulators are "poor sisters® in the
.‘\‘ ". - ,._' o simulator busmess. Kinkade (1979) points up the differences between -.
the way traimng simulators are obtained for a hew aircraft, and the °
?—T L T:.} - way they come about for maintamers of a new electronic device. In

the- aircraft case, simulatot developnent is initiated 1ear1y in _
'proourenent, and is often budgeted and evaluated at the same time as the
aircraft, ' The na) aircraft conmmity alﬁhas become accust;cmed -to
complex and expensive aircraft smulators, with the average cost

runnmg over a million dollars (Orlansky & String, 1977) . Of. \bourse,.l
such. devices are ofteh worth their high cost because of - the great

s
J 'expense and trouble of opera®ing real aircraft. A.? a’ result of these

. o : ~c1rmmstances, the NTEC Directory of Naval Ttaujééng Devices shows
Jpeo ' over 70% devoted to aircrew, 25%: supportmg other operator training,
LT 7 T4 and é\ith less than 5% dedicated exclusively to maintenance

\ " " techniciabs. Furthermore, of those devices that are designated as
. : '=tecluucian tramers, L -"

SN T " Mees.most are two—dimensional displays of system schematics,

S B, or 'cutaway models of system equipments. Very few provide |

. N } for 'hdnds-on' practice of technician tasks and these almost
‘ exclusively involve sﬁ.rmlation of act)ual systen equipments.

- 'fmies have indicated that maintenance txaﬁler simulators can
173, 1 result dn high savings, canpared to using the prige equipment .
e, ik i '

; i\ ' *(Daniels & Cronin, 1975; Miller & Rockway, 1975). Also, use oﬁ real - g

\ o . prime equipment fas obvious 1imitations. The hardware ‘will require
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"peaking up” between tramrng sessions; it is drffrcult to observe
and score performances, the trainmg model which 1s avarlable may not
reflect the realrtres of field installation, and so forth - Several
projects have designed complex maintenance simulator tramers, and
conducted some Preliminary eval_uatrcns. Among these is the Fault

Identification Simulator (FIS) used in an experimental course ‘for

M .

automatic boiler control technicians. The device can show,

graphic fashron, the symptoms of 23 drfferent fault conditions. 1In .

fact, a.ll pcssrble fault condrtrons resulting from a srngle component

fallure in -the actual system can be snnulated in the FIS (Kinkade, L

1979). This trainer also adv1ses_ the students of incorrect repau'
‘decisicns about a non-faulty element. Since the simulator is dri\ren
53} a small computer, it can be programmed to reflect changes in the
-prime equipment. When tried out as part of an experimental course,
the class finished training in two or three- weeks, as compared to a
regular course duration of f:we weeks (the experimental class covered

-

the same material as the usual course, and even had more

. %
Shepherd et al,, (1977) s:hmlated the contz"ol panel layout of a

‘chemical plant, and taught trainees how to recoqnize faults in

troubleshocting practice than in the old system) . .

three different ways: (1) a theory approach,, based on ccnventional
mstructicn: (2) a rules model, wherem subjects were given rules that
would help them infer failures frcm the: panel array ard (3) a "no
story" or ccntrol group who received ‘no theoretrcal training. The
*rules” ’groups was better able to diagnose unfamiliar faults (808

-

accqracy, vs, 658 and 49% for theory and control). -One ccnclusmn is

L]
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worth quoting here, for its reiteration of a previous point:
®....there is little to be gained by teaching 'theory
L. alone, Although trainees in the ‘'theory' group initially
performed well on unfamiliar faults, their score, by the
final test, had deteriorated to a level not significantly
different from the 'no story' group."” :

i The AIDE and LOGMOD systems, aid other advanced aiding devices
with. large memory, also can be used as simulator trainers, In fact,
pure (exclusiv;) training and pure perforn%nce aiding Yre rare
occurrences., Most training e{pqrienz:es involve same degree of 'job
support, and most supported perfomances rely on some ciegreee of °
previous training. |

) mothe;: training concept is the Generalized Maintenance Yrainer
Simulator (GMTS), (Rigney et al., 1978). This system -
was designed to give students intensive troubleshooting practice in a
simulated hands-on training envirorment., Its "simulational
bandwidth® is confined to conditions and operations necessary for i
- practicing fault localization, either from front panel infomat:iOp or

| '] from data at test-po_ints behind the front banel. GMTS adapts readily

to simulate different kindé of equipment, by accepting data bases
that describe’_ functional and structural architecture. As a trainer,
‘the GMIS functions automatically. Once a student signs on, he gets
.- ’ instr‘ucti_ons, his proéress is trackfé, and a detailed performance
. record is kept. In a trial with 16 Navy technicians, practice with
the GMIS reduced average times to locate UHF malfunctions from 20
minutes to less than 10 minutes. Most subjects rated it favorably as.
-a learning aid (Rignky, et al., 1978). ' "

The SOPHIE traininé gystem is one of the most "reactive® of the present

-
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~
‘ simulator configurations, Subjects carf change component values inl the
', ~ circuit under study, can propose hypotheses to an artlculate expert”,

' " and can play a "troubléshooting game" by predicting the effects of .
inserted faults. Students respond very positively to this legmmg
envirorment (Brown, et al., 1975), The simulated tutor usually provides
explanations of student mistakes. Some tutors even proceed in a
Socratic fashién, by challenging the student so that he corrects himself
(Stevens & Collins, 1977).

These several recent experiences with complex maintenance trainers .
are most encouraging. Apparently, special maintenance simulatbrs are
able to teach teéMicians efficiently about malfunctions, We believe
théy work as well as they"do because of the clear explication of
sy'nptom-fault patterns, and because of the intelligibility appeal .

~mentioned by Shriver (1975) . Thus, they meet Duncan's suggestlon
that, for, teaching trouble diagnosis, tra.mmg simulators should
preserve the panel layout and also the "logical layout” of the
indicators (Duncan et al.,.1975b). | -

»  @u-the~Job Trajning flev/ ) Ay

The leading research on QJT is probably being done at the Rand
Corporation, where Carpenter-iguftmn' (1979) and others have been
silrveyir;g field units, ’ins{:ructors, 3nd trainees. Many deficiencies
in present QJT ptacﬂ:iées ;re rather to be expected: The training is
secondary to operational needs of the moment, an adequate instructor
may not be present; there is a lack of supplies for training_purposes. ‘
There is also concern over the instructor-type skills of the trainers
(Carpenter-Huffman, 1979); _ >

L 7

it 3 .
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. ."The most common single complaint about QJT on the TAC
questionnaire was that those assigned as trainer were '
inadequate teachers." | v
Underlying these ratherinevitablé deficiencies are some
administrative causes. Military comnéxiders, '

"....are not immediately rewarded for the quality of their
maintenance activities, let®alone their maintenance QJT
. programs. Instead, they and those they command are
% penalized if documentation of progress in QJT does not
) conform to the schedule set for it....pressures to come in
as Categorty 1 on the Operational Readiness report often
* destroy the validity and uséfulness of vehicle preventive .
maintenance and operational readiries records.... On the
other hand, since progress in QJT is tied to the promotion
system, supervisors are under pressure to certify a person's
competence whether or not the certification is warranted."
. The Rand approach to QJT involves a more formal, explicit, and
' reinforcable conception of QJT within operating units. Several
successful applications appear to follow this approach, including the
Navy FRAMP and the TOT (Task-Oriented Training) projects in the Air
' Force Tactical Air Command. Tﬁo_ugh this area is perhaps not as
\exciting as some of the new aiding concepts, it is receiving some
& attention, and the main requirements have been identified.
| Administrative decisions-will be the key factors, since the military

can have effective QJT if it really wants it.

SECTION IV. JOB DESIGN FOR THE TROUBLESHOOTER,  *

Job design is "....the organization of a job to satisfy the_
. .teckmical-orgm;.zation requirements of the work to be accomplished
| ‘ and the human requirements of the person pe&r:fonning the work" (Davis
& Rander, 1955). The second part of this definition is the key'one,

-
e
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as it directs attention to the fit between the work and the needs of
the worker. Many proposals have been offered for improving the fit.
For example, Davis lJ.sted twenty—three techm.ques which might
simultaneously increase wcrker satlsfactmn and lead to more
effective output (Davis 1957). Ma.ny of his proposals have to do with

L3 increasing worker autonomy, d1scretion, achievement, growth, and the

| meanmgfulness and varxety of tasks., It is surprising how modern

these ideas sound after more thap twenty years.

Despite the absence of definitive s'urvey‘ data, it may be .
worthwhile to speculate about t.he present’ job~design status of the
maintenance technician's work For this purpose, we consider the

- | three job characteristics that Hackman and Lawler (1971) 1dent1fy as
contributing to worker need satlsfactmn and to organizational
goals. Their first attribute is that the worker must feel personally
responsiible for his work. On this dimension, the high-technology

N troubleshooter should score fairly high.’ Take the computer

maintenance man. #e often works alone, and he may not turn to other
| people for help, becausg they cannot help. At the same time, however,

#  be certainly mstfk;,w that he.is primarily a skiile? user of

materials which were originated and validated by‘ others, and that he
is not ordinarily free to \Bty the procedures very much. Computer
technicians, for éxample, are not allowed to change maintenance
software, though we have heard of some doing so. On Gulowsen s (1979)
scale of work-group autmany, these technicians would mme out near
the middle of the r .
The second Hackman-Lawler job requirement is that a work outcome

Tow
!
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_ is perceived as meaningful and worthwhile to the individual.

According to Turner and Lawrence (1965), maningful job processes
have clear begiming and ending of the work, they utilize skills and
abilities which the worker personally values, and they require
considerable variety. On these grounds, military troubleshooters

certainly should perceive their work as meaningful. They often have

command pressufe on them, and this accéntt;aﬁes the value of the work
being performed. .

Feedback is a third job~design criterion., A person who is having
higher-order needs satisfied wants to’ know how he or she is doing. /
_SupErficially, the troubleshooter gets almost perfect objective
feedback, because the failed machine either is restored or it is not,
and the technician usually knows which state prevails (but not.
always, as we ind.icated earlier). ThJ.S immediate task feedback, of
course, is hot- necessarily identical with the performer's own
perception 'of his efféctiveness,.since he may be evaluating -himself
against some other standard. |

. On theée three criteria, then, the technif:ian should be rather i
highly. motivated in his work, and from superficial indications he may
indeed be quite satisfied, cc;rnpared to other military people.

Compa;ative personnel statistics are difficult to find, but one large

. computer company reported that turnover and absence rates for

comercial mairitenance men are very low, lower than for design

engineers §F Programmers, This is especially so for medium-size

; . 'y
cities in America. A few on-site interviews with roving commercial

’
camputer technicians did reveal a couple of common sources of
q
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dlssatlsfaction. One of these was the technician's non-professmnal
p k étatus, which was related to what the person does, Though the work is
technical and demanding, experience in restoring computers results in
w _ | a person’s leéminé moré and more about one- particular- company's
cdrppters,"manuzals, and fault—isoiation procedures. But it does not
result in general engineering knowledge. Thus, many technicians
per;:eive that Ehey are regarded as "less than engineers," and that
they can never attain engineegr statué, regardless of how expert they., .
become at their work. The military services may be missing an -
opmrtunity to satisfy these Qrowth needs of their technicians, A
similar growth-need situation was cbserved in the U.S. aerospace
industry. ".Engineers 'in that industry perceived that their real worth
de;;ended in their state-of-the-art design capabilities. As a result,
when design work. was to be-done, they tended to design all-new items,
and to reject existing and off-the-shelf hardware. They did this to
improve themselves and to keep up~to~date, but it was very costly to
. the company. A solution was for the firm to consider both the
engineer's perceived need to sharpen intellectual skills, and the
demands of the routine design 'wor:k which had to be done. Management
guérmteed that an individual would have career-advancing assignments
often, though at any one time he-might be doing & routine job (Davis -
& Taylor, 1979). A similar job desxgn strategy could be used mth
military maintenance people,

A more subtle negative factor which was frequently noted in the
infustrial setting was the ?sycholqgical distance between the
m3intenance téclmicia_ns, and other people in the .computer centers,

& N .

!
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‘The roving maintenance pefson may have few close relationships with
other workers, as he- is always moving from one place to another, and
the other t.eckmicians back at maintenance headquarters are also
usually on the move. Same respondents even confided thgt the work
leads -.to a general sense of isolation and-r{on-sociability.

| As a final job-design variable( we mention the "fiow" gXprerience,
which can be a profound dynamic state (Csikszentmihalyi, 1975):

» "ees.the holistic sensation that people feel when they
act with total involvement....(the person) experiences
it as a unified flowing from one moment to the next,
in which he is in control of his actions, and imn which
there is little distinction between self and ‘

. environment, between stimulus and response, or between
¢ past, present future..,..People seek flow
o primarily feof itself, not for the incidental extrinsic
rewards t may.occur from it."

Could a techpician's search task be so arranged that this
autotelic-flow staté could occur with some regularity? ‘If so, the
motivationdT-advantages should be enormous.. From all accounts, flow
activities are avidly sought \by the people who have experienced'
them. A beginning could be made by analyzing the flow potentfall in
certain maintenance activities. |

SECTION V. REPRISE AND RECOMMENDATIONS

-

The military troubleshogi:er is a fairly good searcher and
reasoner. What he needs most is a clear model of the functional

~ relations among symptans he can observe and malfunctions in the prime
equipment, perhaps accompanied by a sequencing model for ordering ’
. * test actions, Often it is impracticable for him to learn or remember
H " “ -
Q '. ." -. | . 76 . | .-.. " '.,‘-._V\
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enough theory to generate thié model for himself » and so the model
will have to be furnished to’ him. The best procedure for doing this
so far is to have the prime Fqﬁiment analyzed in’such a way that
all, or nearly all, malfunctkiomng states of the equipment cam@-
correlated with observable symptms The states and symptoms are
then stored in some way that can be systematically searched via a
predetermined sequence. The main job of the technician then becomes
the high.}y skilled task of searching via complex instructions and
diagnostic aids. | ' | _ \

"New look" formats for ,a;ding and training these skills have been
tried out in the laboratory and in the field, and they are clearly
more effective than conventional training plus QJT. The critical
requirement is the accuracy and usefulness of the information
presented, rather than the partiéular display medium. Present
Ccomputer technology can store and distribute, in either hand-held or‘
larger portable units, all ti:e information that is ordinarily
"included in book-size manuals, alohg with test sequencing and
evaluating data. This technology can, then, alleviate maintenance
prablens on most complex syStems, if it is designed and applied with
the Pehavxoral requirements in mind.

’i_he military should not be satisfied with procedurally aided
trdubleshooting, regardless of how effective a good aiding system

be. Many maintenance specialists will have to possess real
| i;ht into the complicated dev:lces of modern warfare, in order to
| attack the mfo;eseeable problems, The prcvision of these more

odvaneed people will be a continuing challenge to the tesearch and
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) .
training communities, but there is reason for optimism. We know much
more about the interaction of men and machinés than we did in the
.vacmmr-tube era.

Since effective technology (psychological, aiding and | i
_ maintainability) is indeed available, and we still have serious
proble'ns,. then there must be aduinistrat_ive or other reasons why the
knowledge has not been more fully utilized (Bond, 1970). We believe
.that it is not cost that prevents application. Some "new look"
aiding and training materials do require si'gnif.icant preparation and
debugging effort, &but these are one—t‘ime_ expenses, and they are
insignificant compared to preseht wast\eé manpower and downtime
losses. The administrative key is this: To develop and to
implement effective aiding and training systems, many separate
efforts have to be coordinated and' directed through a central
"corrective maintenance control" concept. This has been done in the
~ commercial computer world and in other domains, but it cannot be done
easily in the military, because no single comnand or agency is really
responsible for it and can insist that a valid mamtenance cencept be
realized. The procuring, designing, and aldmg and training pave to
be planned together and accomplished together, and this mfrequently
happens in the present nu.litary gystem.

In a report addressed to the research community, most of our
“*reconmendations® come in the form of projects that might bé- )
undertaken, A few of these have to do with basic research into human
appreciation of co:hplex devices., Others attempt to further the
production qf arta:;genenté which will sacilitate perfom\anée, and

’8



Page 71

~
thus bypass the psycholggical p;oblems. No doubt some of tha.sé ideas
are already being pursued. The projects are not listed in '_-TOtder o_f
importance. For Mm importance to n{ilitary
effectiveness, numbers 4, 5, 10, 17, and 19 wodld be near- the tOp of
the order. ‘As far as psychological w nunbers 7, 12, 13,

14, and 16 are post mterestmg.
| |
Research Recommendations: Possible Proﬁe_cts in Troubleshootirg
l. Investigate the use of pseudo-verbal soqlftware routines (e.g.,
Findler's Puzzle-Solver, Wang's meorexrl-Prover) for fault®location
or aiding, to determine 1f the pseudo—mghsh format is suitable
for practical search tasks. _ X .
2. Explicate the basic relations between such methodologically o
3 similar conceptsY such. as Cohn‘-Ott optimal testing, Fano coding, -~ "
Huffman coding, sxvltchmg'&qary dlagnosxs of logical networks,
and so forth., (Some of the identznes among these methods have
already been proven, but nnbody has put them all together for the
" psychological research conmmity.)
3. Explore the extent b which small handheld aids, such as
troubleshooting sequence cards or wheels, are now applied by mlltary
technicjans, ' ) | - .
4. Find out how to best utilize hand-held computer technology for
- E ‘troubleshooting. This would include consideration of the sizes
" of proceduraliieﬁ logic trees that could, be stored, the,best ways
to utilize display and recording techniques, acceptability of the

T device to field people, and development ‘costs.

-
Ve
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5. Ctxnpare the effectiveness of "néw look" proceduralized
_mintenahoe nianuals, as ptesented via a LOGMOD or AIDE
camputerized configuration, with the same information given in a
series of booklets. |

6. Study the feasibility of a strgng "m‘intenance Applications
Group" in the laboratories i:Zor each service, and see what rewards
could be given for high-quality applications research, within
civil-service constraints, ‘

7.. Detemine suitable metRods for measuring cognitive style in
technical work, and study the possibilities for exploiting individual - \
differences on this variable, in the maintenance domain, - ’

8. Review a suitable sample of Automatic Test Bquipment (ATE)
routines, and delineate the usefulness, and the limitations, of
these routines to otdinary military technicians. e

9. According to Orlansky and String (1979),\there are about 30

-~ stuéies of CAl -and MI effectiveness., Determines how closely the
S CAI and QMI technology there reviewed is "up to the best present

state-of-the-art". |

10, Discover.the reasons for unfavorable ratings, of CAI-CMI progtams
by the instructors. y

11, Study the process by which good ideas are stopped,f in the
maintenance world Suppos&anebody proves that a sequential or °
logic-tree troubleshooting scheame is better on a militar{ |
radar or oomputer (in fact, Potter's group did this) Determine
why the technology was not exploited more fully.

-

12, Determine the extent to which electronics or electromechanical

- . ~

(,/

)




. \\‘-
theory is remembered, after schooling, A project could test \"-. ‘Q
at several intervals, say, 3, 6, and 24 months after schooling
is finished, | - |
13. Collect all the means for helping students to visualize circuit |
| and electro-mechanical relatmns, and evaluate expermentally the e

o most pramising of these methods. There are many J.ngem.ous ' . ;;:
prqposals fram mathmatzg:s and physics teachers, and ;frc'm summer
science workshops. Some of these are worth experimental :
investigation, and could be correlated to the literature in
cognitive psychology. |

14. Investigate the utility of "mnemonics for elsctronics,“ in
memorizing ;iiffisult mater?él such as circuit algebraic laws.\

15. Find out if the time it. takes a technician to do a basic digjtal-
logic opetation (via Trabasso or Posner timing techniques) is a
reliable information-érocessi(rg indicant-,' and-if so, whether it
is correlated with t:oubleshmtmg performance. |

16. lore the “flow" and "play” aspects of ttoubleshootmg

&fomance, according to the Csikszentmihalyi parad:.gm, and see
if aids can be constructed that could enhance the hkelxhood of

these flow effects in troubleshootmg.

’
-~

17. Do an extensive comparison of military troubleshooting with'that . : .
performed by commercial computer servieé,companies, with special
attention to "what the milita can;learn® from the commercial

.\experie’nce. _ |
18. r if special training in branch matrix reasoning, can transfer - R
. . |

Sitively to logical (troubleshooting) search in realistic §M-
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S, Determine the _effe;:ti,veness curves-of intensive training (more.

8 = than 100 troubleshooting problems, «perhaps)' in using a complex

© ' diagnostic aid on subsequent troubleshooung performance,

i + 20, Originate "story line" interpretations of oomple:q physxcal events,

v\ say inm AC circuit theory, and ‘evaluate these for their enhancement

of learning, - . | . o
/ L
' Administrative Recommendations
+ 1. <Conduct an unbiased survey of present prime-equipment
| rcapabilities. To preverxt the usoal "softening” or blurring of
lack of capab111ty, th1s survey probably should be done by an
a outsikde engineering group. Sampling techniques would permlt
strong inferences about true capabilities.
2. Discover and remove _non—maintainaole equipment items. This
| action would be ansobvious sequel to the capability survey. It
should relieve operating commands from the burden of carrying non- s
' ugable major. equimmts. o o .

-l B . \ '
Goncentrate first-enlisunent technician activ1t1es on the expert

e - -

use of fully-procedural ized troublesthtmg aids, and drastlcally o
reduce or elx.minate the p( sent -theory-oriented courses. -i’t:ley

[ 2=

. (1978) shows how . this personnel decisaon alone wohld save nulllons of
L dolla:s in "effectzve technician" work time. Hard data supports the
R idea: in addition to the small evaluation ‘studies, t.he services
should undertake massive trials of procedhrallzed aids, and this
probably should be done outside the present training commmxty

-

. ._l.'
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. o, 4 Develop a/)flymg squad“ troubleshoogﬁ-ng concept, male up of
truly expert techn1c1an§s. Unlike the first-enlistment people, _‘
these secom—tem people would receive extensive ‘t_heox_:etical '

trairfing. The 'squad would hér,;dle the "tough 'fielé ‘problems, that

is, the remaining troubles that cannot be readily located by
_pmcedurélized. aids. We do not refer here to simple seniority,
such as a'ncadre‘ of ‘firsﬁ class ETs with conventional training;
. we have many of those now who cannot solve maintenance problems.
As ir: the fuMy proceduralized ooncep'; for first-termers, the
| | squad concept;.wc;uld ‘be oriented to effective performance, ih much
o . the same way as commercial computer ttouble squads are managed.
The prospects of quahfymg for this kmd of work should be
“motivating to the best career techmc;,ans, and could lead to
t professmnal Ie\fe_{ tramnmg in the_gsecond and later enlistments.
S 5. Plan for ‘h1g‘h-1eve1 military administrative "fixers” who support
' a maintenance program, and continuously guide it through the‘ :
s @ . financial and administrative difficulties faced by every change.
| A fixer might be an admiral or general. He would develop a %

maintenance constituency for supporting the use of spec:‘ml b

. %

troubleshooting aids, for ‘example. He would also intervene with
| o - o agency officials on spec1a1 ‘problems that arise, such as findmg
' ‘ money to debug a training concept or hand-held oomputer aid,
s . pursuing imptat;on Plans in difficult enviromments, He
would be able” to mwe across depart:nents a:};l agencies, and would
e ~be able to influence and control activities 80" that the present ?
technology is utilized. |
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