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INTRQDUCTION

The work  repor ted  j .n  the  present  paper  was in i t ia ted  by  a  d iscuss ion

wi th in  a  g roup o f  sys tem eng ineers  concerned w i th  the  prob lem:  How do we

eff ic ient ly ut i l ize the var iety of ways to present inforrnat ion to a human

operator -  ways now oi i fered by the computer control led display systems

that  a re  used in  many complex  techn ica l  sys tems?

The task  o f  the  human opera tor  in  any  such sys tem is  to  se lec t ,  f rom

the information presented to him by the system, the data relevant to his

current goal and to transform this information into a set of  manipulat ions

appropr ia te  to  h is  goa l .  Th is  t rans format ion  is  basec l  upon a  "menta l  mode l r l

and a set of  data handl ing procedures acquired by the operator from his

educat ion  and opera t iona l  exper ience.

In  o rder  to  be  ab le  to  d isp lav  the  in fo rmat ion  to  the  opera tor  in  a

way compat ib le  w i th  h is  "menta l  mode ls t '  o f  the  sys tem,  the  sys tem eng ineer

quite natural ly puts forward the quest ion to psychologists:  What is the struc-

tu re  o f  these mode ls  and how are  the  da ta  hand l ing  procedures  o f  the  oper -

ators organi.zed under real l i fe condit ions?

The mental  model of  a car avai lable to the everyday car dr iver is

completely di f ferent from the model avai lable to the car designer,  and

somewhere  be tween these ex t remes in  techn ica l  de ta i l  the  mode l  as  conce ived

by the repairman may be found. Thus the mental  model of  the system designer

is not the most appropriate basis for the design of information display to be

used b .y  sys tem opera tors  o r  repa i r  s ta f f .

The psycho log ica l  l i te ra tu re  does  no t  g ive  sys tem des i .gners  much

support  in their  ef fort  to solve this coding problem. The body of knowledge

result ing from psychological  experiments i .n clear-cut laboratory condit ions

dea l ing  w i th  we l l -de f ined and iso la ted  aspec ts  o f  human behav iour  shou ld  be

supp lemented by  s tud ies  o f  rea l  l i fe  work ing  cond i t ions  and o f  the  menta l

p rocedures  used by  human sys tem opera tors  to  make the  labora tory  resu l ts

rea1Iy  use fu l .

The resu l ts  o f  such s tud ies  are  as  impor tan t  fo r  the  des ign  o f  da ta

d isp lays  to  suppor t  the  sys tem opera t ion  as  fo r  the  layout  o f  the  sys tem i tse l f

and of the rnaintenance procedures and manuals to faci l i tate system repair .
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2 .  STUDY OF MENTAL PROCEDURES IN REAL L iFE TASKS

An impor tan t  a im o f  a  s tudy  o f  such procedures  is  (a )  to  c la r i f y

to  what  an  ex ten t  a  man is  ab le  to  base h is  p rocedures  upon the  la rge  da ta

hand1ing capacity underly ing subconscious recognit ions and roul. ines, and

(b)  to  ident i f y  those work ing  cond i t ions  wh ich  fo rce  h im to  use  sequent ia l

p roce t lu res  re la tec l  to  h is  bas ic  unders tand ing  o f  the  sys ten i  func t ion  and

arratorny.

T'his implies that one haus to carry out such studies in the zrctuaLl

worki .ng condit ions of a group of t rained operators. T'o general ize frorn

clear-cut laboratory experi . rnents where the task has been str ippred c' f  seetn-

inglv secondary factors is an unrel ieLble procedur"e, even where t t 'a, i t lerd

operators are in 'voh'ed. Ther choice between d: i f ferent proce<lures avrr i lable

t, f  arf  operator nray depr:rrd l teavi ly upon his s;ubje:ct ive formu.lat ion of the

task arrd perfornreince cr i te: : ia,  bo1;h t le ingg very l ikel 'y to charnge in the art i -

f i c ia l  a tmosphere  o f  a  labora tory  expen i r r ren t .

A  fu r ther  compi i , : z r t ion  is  thaLt  a  b r :hav iour is t i c  s tudy  based upon a

record ing  o f  the  jn fo rmat j .on  se le rc ted .  b ; ' the  rnan and o f  h is  ex te rna l  responses

is  no t  re l iab le  s ince  the  c la ta .  ga ined tnay  be  re la ted  to  severa l  bas ica l l y

, l i  f I ' e ren t  p roce  dure  s .

\[re ]rave found that the only way to separate the different data handling

procedgres and to relate them to the actual working condit ions is in some

way to  ask  the  opera tor  what  he  is  do ing .  Th is  means,  however ,  tha t  re l iab le

quant i tat ive information is di f f icul t  to obtain, and the analysis is t ime-con-

suming and requ i res  much sub jec t ive  judgement .

3 .  EXPERIMENTAL CONDITIONS

FIow to  ask  the  man depends upon the  na ture  o f  the  task .  As  par t  o f

our  exper imenta l  p rogramme to  fo rmula te  the  da ta  hand l ing  procedures  under

r :ea1 l i fe  cond i t ions ,  we have car r ied  ou t  a  s tudy  o f  the  procedures  used by

e lec t ron ic  ma in tenance techn ic ians  per fo rming  normal  tasks  o f  repa i r i .ng

the  var ie tv  o f  e lec t ron ic  ins t ruments  used by  a  nuc lear  research  es tab l i . sh-

1Tlen t .

In this case, we found i t  appropriate to do the study by asking the

techn ic ian  to  verba l i ze  h is  p rocedures  dur ing  a  repa i r  work ,  j , .  e .  to  take

a tape record ing  
"vh i Ie  

he  was th ink ing  a loud.

An irnportant advantage during this study was the close personal

contact and rvorking relat ionship between the people conduct ing the exper-
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iments and the repair  rnen, and the natural  interest of  the mai.ntenance group

of  a  sc ien t i f i c  ins t i tu te  to  be  d i rec t l y  invo lved in  a  research  programme

re la ted  to  i t s  own pro fess iona l  methodo logy .

In order to get a qual i tat ive formulat ion of the basic features of the

cl iagnost ic procedure rather than quant i tat ive data from standardized exper-

inrents, records rruere taken of several  individuals locat ing di f ferenl.  faul ts

in the instruments. This l lact also enhanced the conf idence of the group in

the  s ta ted  a im o f  the  s tudy  s ince  i t  removed the  poss ib i l i t y  o f  a  compar lson

of  the  e f f i c iency  shown in  the  d i f fe ren t  cases .

In order to enabl.e the men to famil iay' ize thernselves with the e>r:per-

imental  procedure and the tape recorder,  the instrunrents used l lor the ini t ia l

cases  were  se lec ted  by  the  techr r ic ians  themse lvers  when they  found i t  con-

ven ien t  to  make a  record ing .

I t  soon tu rned ou t  tha t  s ; te reo tvped pro ,cedures  were  used fo r  the

nrore  s imp le  i .ns t ruments ,  such as  ar rp l i f  ie rs ,  power  supp l ies ,  e tc . ,  and

the  c ; rses  to  be  recorded were  then se lec ted  by  the  p lanners  o f  the  exper iment .

More  complex  sys tems were  then chosen,  i .  e .  sys tems o f  a  g rea ter

var ie ty in theex terna l  d isp lay  o f  fea tures  re la ted  to  the  in te rna l  opera t iona l

s ta te .  These inc luded mul t i channeL ana lyzers ,  osc i l loscopes,  TV- rece ivers

and digi tal  vol tmeters. I t  turned out from the analysis that information

contained in the external system response was not used to any great extent,

and the tendency to use "short-cut" methods based upon such information

was only sl ight,  even when the planners of the experiments found such methods

to  be  c lear ly  ind i .ca ted  by  the  sys tem response.  There fore ,  in  la te r  phases

of the experiment,  s imulated faul ts were introduced in order to have a

reasonable number of cases in which the faul t  looked for could be located

rather exact ly by short-cut methods i f  the information avai lable from the

external response was taken into careful  considerat ion. The simulated faul ts

were not art i f ic ial ,  however,  but normal or probable component faul ts in

care fu l l y  se lec ted  par ts  o f  the  sys tem.

Dur ing  the  exper iments ,  such ins t ruments  were  chosen fo r  the  ind i -

v idua l  man the  use  o f  wh ich ,  and the i r  overa l l  des ign ,  were  fami l ia r  to  h im.
At  no  t ime was chosen a  h igh ly  t ra ined exper t  in  the  spec i f i c  type  o f  ins t ru -

ment  invo lved,  w i th  such a  personts  ab i l i t y  to  go  d i rec t l y  to  the  fau l t  by  a
s imp le  recogn i t ion  o f  the  fau l ty  response pa t te rn .

A  to ta l  o f  45  cases  were  recorded,  compr is ing  6  ind iv idua ls  per fo rm-

ing faul t- f inding in B di f ferent types of instruments, each case having i ts

part i .cular faul t .  The experiment thus covered a smal l  number of cases and

a very  la rge  number  o f  parameters  in f luenc ing  the  per fo rmance dur ing  the
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task, and rel iable quantitat ive information was not to be expected.

A11 records were pre l iminar i ly  analyzed,  and some of  them were

re jected f rom fur ther  analys is .  Cases f rom the in i t ia l  t ra in ing of  the record-

ing were omitted, as well as cases with faults in system parts for which the

group had no equipment, such as hi.gh-frequency parts of TV-receivers, : lnd

cases of intermittent or mult iple faults, etc. The f inal, detai led analysis

cover is  30 record ings.

4. ANALYSIS OF RECORDS

The task of f inding the structure of nearly 50 verbal records made

by several  persons try ing to locate individual faul ts in di f ferent types of

systems, makes one real ize how colourful  real  l i fe working condit ionr;  aro

and horv much work is needed to carry through the analysis.

An almost immediate experience is the danger that the an:r lyst him-

self  develops f ixed rout ines in the analvsis in order to be able to manage

the classi f icat ion of the mult i tude of s i tuat ions. I t  proves imperat ive to have

Iong breaks in the analyzing effort ,  to be able to relax from f ixat ions and to

r.eturn to the or iginal  mater ial  with an open mind. I t  also seerrrs important

to  have severa l  ana lys ts  c r i t i c i z ing  each o thers 'mode ls  o f  the  s t ruc tu re  in

order to break f ixat ions and to decide which di f ferences in the classi f icat ions

madebythe di f ferent analysts result  f rom weaknesses in the def ini t ion of the

c lasses  and wh ich  are  due to  d i f fe rences  in  the  in te rpre ta t ion  o f  the  records .

The men were asked to relax and tel l  what they were thinking,

feel ing and doing, and to express tkremselves in everyday terms including

shor t  h in ts  in  fas t  work  sequences .  A  record  was immedia te ly  typed ou t  and

the man was asked to read i t  in the actual working posit ion i .n front of  the

instrument to correct mistakes and supply supplementary information when

he fel t  something was rnissing. At the same t ime the analyst had the f i rst

review of the record and a short  talk rn 'r ' - th the man to clar i fy weak passages

in the verbal izat ion.

Ttre ini t ia l  systematic analysis was based upon the def ini t ion of a set

o f  e lementary  events  descr ib ing  the  mic ros t ruc ture  o f  the  sequences  (Appen-

d ix  A) .  The records  were  coded and a  computer  p r in t -ou t  made,  g iv ing  a

graph ica l  p ic tu re  o f  the  sequence as  we1 l .  as  a  connect iv i t y  mat r ix  descr ib ing

each case.  The graph ica l  read-out  tu rned ou t  to  be  a  conven ien t  suppor t  in

the  e f fo r t  to  loca te  and ident i f y  recur ren t  rou t ines .  Owing to  the  la rge  number

o f  parameters ,  the  connect iv i t y  mat r ices  gave on ly  a  very  few h in ts  about

the  genera l  pa t te rn .
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Based upon the graphic  read-out ,  sequences ident i f ied as recurrent

rout ines were re-analyzed f rom the or ig ina l  records and c lass i f ied accord ing

to the characterist ics of the data handling taking p1ace.

The analyses started by extracting the most obvious and frequent

routines, leaving for later analysis the complicated and more individual parts

of the records. Contributing greatly to the amount of work was the necessity

for a highly i terative classif ication; each new class of routines which was

int roduced made i t  necessary to  rev iew a l l  c lasses a l ready used.  For  each

subroutine a graphic symbol was chosen, with a set of codes indicating

important features. The records were f inal ly coded as a graphical patter.n

showing the interconnection of the subroutines and with comments to faci l j .-

ta te la ter  rev iews (Appendix  B) .

In formulating the generalized subroutines in the manrs data handling,

one has to cut away most of the detai ls relaterl to the indiviclual c:r.se. To be
able to f ind why a specif ic routine is chosenrone must, however, return to
the detai ls in the original record and to the features of the specif ic instrument.

It  is important for the analysts to have a background in engineering
in order to be able to imagine themselves in the task situationrandthus have a
clear understanding of the meaning of the manipulations and measurements.

They can then formulate what the man is doing, and thus f ind the structure
of the information handling. On the other hand, some knowledge of psychology
is needed to explai" -ry the man has chosen that part icular approach and to
formulate the goal and motivation which control the sequences found. The
present report mainly considers the structure of his information handling
p rocedures .

Our experience confirms the statement by Bainbridge et al. (1968)
that a very formalized analysis in which the procedure of the man is co1n-
pared to  a model  cover i ,ng a l l  poss ib le  s t rategies is  impract icable for  rea l
l i fe condit ions, although it  is a very effective tool in laboratory experiments
wi th  a smal ler  number of  dec is ive parameters,  as repor ted by Alan Newel l
( 1e66 ) .

During our analysis we found that the fol lowing cases of interference
from the verbalizing task may cause uncertaintv during classif ications of
subrout ines:

It may be more attractive for the man to do sornething physical ly, to
manipulate,  than to  use menta l  act iv i t ies such as reasoning because act ion
is  more readi ly  expla ined in  the records and goes bet ter  wi th  the pace of
speech .

Somet imes we ge t  the  impress ion  tha t  ac t i v i t ies  repor ted  sequent ia l l y
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would normal ly  be par t  o f  a  para l te l  data processing,  i .  e .  a  set  o f  automated

routines; thus a routine may be disturbed because it  is forced into conscious-

ness,  and therefore i t  may be erroneous and incomplete.

Some of the records indicate that the men subconsciously col lect

informatiol concurrently with the reported activit ies and that such information

supports "briglrt ideas'r, which are diff icult to explain later in the sequence.

However, careful discussion with the men after the analysis of the

records does not  ind icate any ser ious mis in terpretat ion of  the genera l  s t ruc-

ture of  the procedures.  Af ter  becoming accustomed to the recorder ,  the men

consider the execution of the task as well as the t ime spent in locating the

faults normal.

5 .  BASIC FEATURES OF THE PROCEDURES

A discussion of the results of the analysis of our records may benef i t

f rom a simpl i f ied example based upon the main features of one of the actual

c a s e s .

We consider a case where a digi tal  scaler displays two digi ts simul-

taneously in one decade, but otherwise funct ions normaIly.  The task is now

to  ob ta in  f r .om the  response o f  the  sys tem and by  appropr ia te  measurements ,

a  re fe rence to  the  loca t ion  o f  the  fau l ty  component .

In  the  present  case,  there  is  a  c lose  re la t ion  be tween the  fau l ty  para-

meter  o f  the  sys tem response -  i .  e ,  the  fau l t  in  d isp lay  o f  the  second decade -

and a  we l l -de f ined par t  o f  the  sys tem.  The man 's  in te res t  w i l l  then  qu i te

natura l l y  be  l im i ted  to  the  c i rcu i t ry  connected  w i th  the  second decade-

Fur. ther reference to the locat ion of the faul t  may now be obtained

in di f ferent ' ,vays. I t  rnay be based upon detai led observat ions of the actual

faul ty response and considerat ion of the internal anatomy and funct ioning of

the  sys tern .  In  the  case under  cons idera t ion ,  a  des ign  eng ineer loca l i zed  the

the  fau l t  to  a  spec i f i c  res is to r  in  the  decoder  d i . rec t l y  f rom the  response,

us ing  h is  knowtedge o f  the  d ig i ta l  coc le  and a  d iagrar r r  o f  the  c i rcu i t ry  o f  the

decoder '  Th is  rne thod can,  o f  course ,  a lso  be  chosen by  a  t ra ined rna in tenance

man and,  judg ing  f rom tex tbooks  fo r  the  t ra in ing  o f  ma in tenance techn ic ians ,

some authors  o f  such books  cons ider  i t  to  be  the  I ' j .n te l l igen t "  method:  i .  e .

to  take  fe rv ,  care fu l l y  chosen measurements  and use the  observa t ions  in

care fu l  reason ing  based upon func t iona l  unders tand ing  o f  the  sys tem.

Our  records  ind ica te  tha t  a  t ra ined techn ic ian  is  most  1 ike1y  to  choose

ano6er  method,  v iz .  tha t  o f  scann ing  th rough the  fau l ty  decade by  a  rap id
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sequence of good/bad checks of the actual signals against normal signals

which are measured i.n one of the other decades, or which are found on the
circuit diagram.

In this w&y, the fault may be localized to the decoding circuit.  In the
c i rcu i t  d iagram th is  c i rcu i t  is  seen to conta in less than hal f  a  dozen res is tors .

Therefore, rather than evaluate their function, i t  may be preferred to scan
through the res is tors  by good/bad checks wi th  an e-meter .  Thus,  an open
ci rcu i t  res is tor  is  found.

5.2.  Genera l  Features of  the Procedure

Although very simpl i f ied, this example i l lustrates some of tb.e general

fea tures  o f  the  procedures  found in  our  records :

-  The basic feature of the rout ines used may vary great ly in several

respec ts .  In  the  example  g iven above,  the  des igner  used on ly  a  few obser -

vat ions, but employed a complex data handl ing in his clecision procedure.

His procedure is very specif ic and related to the system anatomy and inter-

na1 funct ioning and to the actual faul ty condit ion. He treats several  obser-

vat ions simultaneously,  and his procedure is informational ly economi,c.

The trained technician uses many observat ions in a sequence of

s imp le  dec is ions .  H is  method is  a  genera l  search  procedure  wh ich  is  no t

dependent upon the actual system or specif ic faul t .  He treats the observat ions

individual lv in a stream of good/bad judgements which is informational ly

uneconomic, but fast.

-  The man def ines his task pr imari ly as a search to f ind where the

faulty component is located in the system. He does not consider his task

a  prob lem-so lv ing  onerwh ich  is  to  exp la in  why the  sys tem has  the  observed

faultv response and from which an understandi.ng of the actual funct ioning of

the  fa i led  sys tem can be  ar r i ved  a t .

-  The procedures  are  organ ized as  a  search  th rough a  sys tem wh lch

is  v iewed as  a  h ie rarchy  o f  un i ts .  The sys tem is  composed o f  a  number  o f
subsys tems:  ampl i f ie rs ,  sca le rs ,  de f lec t ion  genera tors ,  e tc .  Each subsys tem

has eas i l y  iden t i f iab le  un i ts  such as  ampl i f ie r  s tages ,  f l i p - f1ops ,  and osc i l -

la to rs ,  and these un j . ts  have components ,  e .  g .  t rans is to rs ,  capac i . to rs ,  and
r e s i s t o r s .

-  The genera l  s t ruc tu re  o f  the  search  can be  broken down in to  a  sequence
of  search  rou t ines ,  wh ich  are  used to  i .dent i f y  the  appropr ia te  subsys tem,

s tage,  o r  component .  The s t ruc tu re  i l l us t ra tes  how the  man a t tempts  to

sequent ial ly l i rni t  his current f j .e ld of at tent ion..  He is al l  the t ime asking the
quest ion about r , t 'here to look next and thus tr ies to extract topographic refer-
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ences f rorn h is  observat ions.

- A topographic reference from the observations is typical ly obtained

in three different ways depending on very different depths in the consideration

of the internaL anatomy and functioning of the system.

5. 3. Derivation of Topographic Reference to the Fault

The topographic reference may be derived merely from the locat ion

in which the observat ion or measurement is made. Having traced the signal

stage-wise through an ampl i f ier with no output,  the next f ie ld for search is

the stage in which the signal disappears.

In  some cases ,  a  topograph ic  re fe rence may be  drawn f ro rn  an  obser -

vat ion by considering the normal funct ioning of the system. When an abnormal

vert ical  geometry of a TV-picture leads the m.an to the vert ical  def lect ion

generator,  he considers only the normal role of each subsystem in overal l

sys tem per fo rmance.

In these two modes of obtaining topographic reference, very l i t t le

inl lormation is drawn from the observat ion i tsel f .  Only one bi t  -  good or

trad -  and the topographic reference is taken ei ther from the locat ion of the

rne:rsur ing point or f rom the funct ion as related to the relevant state para-

rnei;er.

General ly,  a more specif ic topographic reference may be obtained

if  the observat ion is not judged merely good or bad, but the actual mode of

faul ty funct ioning is evaluated. I f  a digi tal  scaler has an erroneous indicat ion

in one digi t ,  s imple good/bad judgements of the funct ion refer only to the

related decade circui try.  I f ,  however,  the way the indicat ions are faul ty ls

careful ly evaluated, the faul t  may be closely located, as shown in the example

given above. However,  this is onJ.y possible i f  the detai led funct ioning of the

c i rcu i t ry  i s  cons idered.

The procedures  found in  our  records  are  composed o f  types  o f  sub-

rout ines related to these di f ferent ways of der iv ing a topographic reference

from the observat ions" The di f ferent subrout ines have also di f ferent roles

in  the  overa l l  p rocedure .

5 .4 .  Twica l  Subrout ines

Faced with a faul ty instrument or system, the man wi l l  l imit  the f ie ld

tha t  has  to  be  covered by  a  de ta i led  search  by  means o f  a  func t iona l  search .

In  th is  search  d i f fe ren t  t5p ica l  parameters  in  the  sys tem responsg e .  g .

fea tures  o f  a  TV-p lc tu re ,  known to  be  re la ted . to  the  func t ions  o f  c lear ly

def ined subsystems, are scanned and judged indj-vidual ly.  I f  an abnorrnal
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parameter  is  found,  the search is  carr ied on in  the re la ted subsystem.

However, i f  nc, clear indication is found j.n the external system

response,  the in i t ia l  l imi ta t ion of  the f ie ld  to  be covered by a deta i led search

may a lso be determined by a number of  ind iv idual ly  chosen check-measure-

ments, i .  €. simple good/bad judgements of signals at strategical ly irnportant

points in the system, u'hich.areto indicate in which subsystem the fault origi-

nates.  In  i ts  ideal  form th is  rout ine is  the c lass ica l I tha l f -sp l i t r rmethod.

Ttre interest of the ma.n is now focused upon a subsystem which very

often has a rather clear-cut main signal or information path through a mrm-

ber of famil iar subunits or "stagesr'.  This structure invites the use of an-

other frequently used routine: the system is scanned along the main signal
path by a rapid sequence of good/bad judgements. This routine is calted the

topographic search routine, since a reference to the next search f ield wil l

hre chosert  around the topographic locat ion where the decisive judgement is

rnatle, .

A more eff ic ient ( informational ly speaking) topographic reference

can tre obtained i f  the information describing the actual mode of funct ion

fai lure is considered. Such subprocedures are here cal led faul t  evaluat ions.

Quite natural ly,  their  appearences are more individual than those of the

search rout ines. The complexi ty var ies from simple recognit ions and state-

ments based upon general  electronics background or experience to compl i-

cated deduct ions based upon understanding of the internal funct ioning of the

spec i f i c  sys tem.

The typi .cal  funct ional and topographic search sequences are based

upon one bi t  of  information from the observat ions -  good or bad - and this

search  can there fore  on ly  g ive  topograph ic  re fe rences  wh ich  po in t  to  where

to look next.  The fault  evaluat ions, however,  deal with the actual funct ioning

of  the  sys tem,  and the  ava i lab le  in fo rmat ion  can there fore  be  used more

ef f i c ien t ly .  Searches  by  eva lua t ion  o f  the  rnode o f  fa i lu re  a re  a lso  ab le  to
point to what to look for and they may thus be important to support  planning

of  the  search  procedures ,  e .  g .  in  the  choos ing  o f  the  re levants ta te  parameter

( D C - b i a s  v o l t a g e s ,  s i g n a l  p a r a m e t e r s ,  e t c .  ) t o  b e  u s e d  d u r i n g  a  s e a r c h r o u t i n e .

Before  the  more  genera l  fea tures  o f  the  procedure  are  d iscussed

fur ther ,  the  subrout ines  w i l l  be  d iscussed in  somewhat  more  de ta i l .

6.  THE T\?ICAL SEARCH ROUTINES

6.  I  "  The Topographic  Search

i n  the  topograph ic  search ,  re fe rence to  the  loca t ion  o f  the  fau l t  i s
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obtained from the topographic locat ion of a measuring point.  l 'he system or

some par t  o f  i t  i s  scanned by  a  sequence o f  measurements ,  and the  obser -

vat ions are subject to simple, individual good/bad judgements.

The seareh is normal ly a test of  the performance along a main signal

path in the relevant subsystem. The circui try along the route is seen as a

row of famil iar uni ts,  e.  g.  ampl i f ier stages, and by a sequence of rapid

judgements the stage is local ized in which the signal disappears or a faul ty

signal appears or an abnormal bias vol tage is found.

In  the  30  records ,  wh ich  are  ana lyzed in  de ta i l ,  the  to ta l  number  o f

sequences  ident i f ied  as  topograph ic  search  sequences  is  82 .

The way in which a reference is obtained to the f ie ld in whj.ch a

topograph ic  search  shou ld  be  per fo rmed is  i l l us t ra ted  by  tab le  1  to  3 .  In

order  o f  the i r  re la t i ve  impor tance,  the  dec is ions  have been:

- The search is a repet i t ion of a previous topographic search in the

same f ie ld ,  e i ther  a  d i f fe ren t  o r  the  same ( i .  e .  -  be  more  care fu l i  )
parameter  o r  s igna l  be ing  used.

- A funct ional search has indicated the f ie ld.

-  The search is a local topographic search ini t iated from a good/

bad judgement in another topographic search.

- Reference to the f ie ld is der ived from the evaluat ion of the faul t

mode in  a  p rev ious  sequence.

-  The f ie ld  i s  found f rom an overa l l  search  by  check-measurements .

6 .  1 . l .  C h o i c e  o f  P a r a m e t e r  o r  S i g n a l  t o  b e  U s e d  i n  t h e  S e a r c h

When tu rn ing  to  a  subsys tem to  per fo rm a  topograph ic  search ,  nor -

mal1y very l i t t le information from previous observat ions (e. g.  the nature of

the  fau l t )  i s  car r ied  over  to  ass is t  the  man in  p lann ing  the  search .  The cho ice

of  the  parameter  to  be  used in  the  search  is  very  dependent  upon those norms

for judgement whi.ch are immediately avai lable.

In  sor r re  cases ,  the  parameters  chosen fo r  the  search  cannot  lead  to

the locat ion of the faul t ,  and information clear ly indicat ing this may actual ly

have been recorded by  the  man pr io r  to  the  dec is ion  to  s ta r t  the  search .

However ,  the  dec is ion  about  where  to  look  is  o f ten  the  on ly  connect ion  w i th

t h e  p r e v i o u s  s e a r c h .

Th is  may seem very  ine f f i c ien t ,  bu t  s t i11  i t  shou ld  be  remembered

tha t  a  s imp le  search  o f  typ ica l l y  5  to  10  measurements  i s  a  very  rap id

sequence,  wh ich  rnay  very  o f ten  prove success fu l .  There fore ,  in  the  long

run i t  rna .y  pay  to  take  a  chance and no t  cons ider  every  dec is ion  care fu l l y .

I n  o u r  r e c o r d s ,  t h e  p a r a m e t e r  t o  b e  u s e d  f o r  t h e  t o p o g r a p h i c  s e a r c h  i s
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chosen in di f ferent ways in analog and digi tal  systems. This is part ly caused

b- rz  the  bas ic  d i f fe rence be tween the  s igna ls ,  bu t  the  main  reason is  tha t  su i t -

ab le  re fe rence da ta  were  ava i lab le  in  most  d iagrams fo r  the  ana log  sys terns ,

but not for the digi tai  systems.

The cho ice  o f  parameter  i s  i l l us t ra ted  by  tab les  1  to  3 .  In  ana log

s ; ' s tems the  pararne ters  used fo r  search  in  about  ha l f  the  sequences  have

been DC-bias r , 'o l tages or AC-wave forms for which the cl iagram indica.tes;

c :onve:n ien t  norm va lues .  As  fa r  as  the  remainder  i s  concerned,  the  cho ice  o f

parameter is spread fair ly equal ly among the fol lowing:

- A signal convenient for judgement b;r  the rnanrs gener.al  exper, ierrce.

-  A parameter found from the evaluat ion of the faul t  mode in a pre-

v ious  sequence.

-  Another  parameter  w i th  wh ich  a  p rev ious  unsuccess fu ,L  topogr :aph ic

s e a r c h  c a n  b e  r e p e a t e d  ( e .  g .  a  s e a r c h  b y  D C - m e a s u r e m e n t  i s

fo l lowed by  a  search  by  AC-rneasurements ) .

In the digi tal  systems more than half  of l  the topographic sequences are based

up ' fn  a  parameter  judged f rom genera l  exper ience.  In  the  remain ing  se-

quences ,  the  parameters  chosen are  fa i r l y  equa l ly  d iv ided be tween pararne ters

found from evaluat ion of the faul t  mode and parameters for which convenj.ent

norms are  ava i lab le  f rom the  d iagram or  by  measurements  in  another  sys tem.

6 .1  . 2 .  The  Rou te  f o r  Sea rch

The rnain signal path through the system, which is used as the route

for search, is normal ly clear ly indicated by the graphical  layout of the cir-

cui t  diagram or the physical  layout of the circui try.  In the same w&y, a

convenient subdivis ion is normal ly indicated along the route in units or

"s tagesr t  in  each o f  wh j .ch  a  measurement  shou ld  be  taken.

In  our  records ,  the  se lec t ion  o f  the  rou te  and the  s teps  o f  the  search

sequence are  genera l l y  based upon the  w i r ing  d iagram o f  the  sys tem.  For
this appl icat ion, the diagram is not v iewed as a funct ional descr ipt ion of the

system, but solely as a topographical  map, showing the information highways.

Measur ing  po in ts  a re  chosen a long the  rou te  o f  search  a t  loca t ions  where

conven ien t  norms fo r  judgements  a re  ava i . lab le  (e .  g .  po in ts  fo r  wh ich  the
d iagram g ives  re fe rence da ta  such as  b ias  vo l tages  or  s igna l  wave fo rms) .

In  some cases ,  the  layout  o f  d iagrams is  no t  immedia te ly  usab le

as  a  topograph ic  rnap and so lne  " topograph ic  eva lua t ion i l  i s  necessary .  The
man then t r ies  to  ident i f y  fami l ia r  un i ts  and to  f ind  the  in te rconnect ions .

Th is  can a lso  be  done bv  us ing  the  graph ic  layout  o f  the  d iagram wi thout  con-
s ider ing  the  func t iona l  aspec ts .
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In simple and famil iar systems such as straight amplif iers, the steps

of the routelfe selected from the mants general experience of the physical

layout of the system, the latter being a row of directly identif iable transistor

or vacuum tube stages.

In other cases, no consideration is paid to the signal path, which

rnay not be too clearly defined, and the search wil l  be control led solelv by

the use of reference data in the diagram and thus be restr icted to a system-

atic test at corresponding measuring points in the system.

The search is performed as a rapid scan along the route chosen and

no judgements as to whether sonre of the steps wil l  be informationally redun-

d:rnt seem to be made.

In yet other cases, the circuit diagrams do not directly indicai;e

convenient routes for search because the information path is not a simple

one-way route as i t  is in an amplif ier. This may be the case in digital

circuitry, especial ly i f  logical operations are performed which combine or

modify. signals and result in several information routes with common cross -

roadr;. The route must then be planned step bv step by a careful consideration

6rf tne functioning of the system, normally supported by the wiring diagrarn,

.,vhichi.sthenused as a functional descript ion of the system, a role which is

clearly different from being a topographic map in the ttstraight" search.

In such cases, the overal l  performance and speed is signif icantly

inf luenced by the mental load from this activity and the effort to f ind good

reference data for the judgements may be very l imited. Mere hints rnay be

used,  such as " th is  wave form looks reasonable" .

If  the route disappears for the man during the search or is diff icult

to  t race in  the more complex systems,  there is  a  preference to  jump to a

search along another route rather than to establish a better basis for control

of the original route by functionai reasoning.

In the attempt to locate the measuring points physical ly along the

route in the system, the faulty component may be found visually, e. g. short

circuits in the wiring and mechanically damaged components.

The control of the search route is i l lustrated in tables 1 to 3. The

di f ferences in  analog and d ig i ta l  systems are not  great .  7}qo of  the sequences

are based upon the d iagram used as a topographic  map;  the remain ing ones

are based upon general experience of the physical layout of famil iar

systems such as ampl i f iers  and s imi lar  c i rcu i ts .  Only  in  a few cases the

search route is  based upon funct ional  reasoning.
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SgFmary of Topographic Search Ana log  Sys tems

Number of Topcgrg'phic Search Rout ines

F ie ld  fo r  Search  Found f rom:

func t iona l  search

topograph ic  search

e x t e n s i o n  o f  s e a r c h  i n  a  c o n n e c t e d  f i e l d

eva lua t ion  o f  fau l ty  response da ta

r e p e t i t i o n  o f  s e a r c h  i n  t h e  s a m e  f i e l d

o v e r a l l  s e a r c h  b y - c h e c k  m e a s .  e t c .

C h o i c e  c f  S e a r c h  P a r a n e t e r  d u e  t o :

-  r : o n v e n i e n t  n o r n  i s  a v a i l a b ] e

-  conven ien t  s igna l  to  t race

T a b ] e  N o .  I  .

another  parameter  needed fo r  repet i t ion

r e f .  f r o m  e v a l u a t i o n  o f  f a u l t y  r e s p o n s e

R o u t e  f o r  S e a r c h  C o n t r o l l e d  b y :

-  diagram topography

-  d iagram data

e x p e r i e n c e ,  f  a m i l i a r  l a j r o r i t  o f  s y s t e m

r o u t e  p r e p a r e d  b y  f u n c t i o n a l  r e a s o n i n g

S o u r c e  o f  N o r m  D a t a  f o r  J u d g e m e n t :

-  d iagram data ,  wave fo rms and vo l_ tage

-  e x p e r i e n c e ,  f a m i l i a r  s i g n a l s

d e d u c t i o n  f r o m  f u n c t i o n a l  u n d e r s t a n d i n g

r , l e a s u r e m e n t  i n  o t h e r  s y s t e m s
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D ig i ta l  Sys tems

T a b l e  N o .  2 .

Sunnarlr of Topo8raphic Search

Number of Tonographic Search Rout ines

F ie ld  fo r  Search  Found f rom:

func t iona l  aearch

topographic search

e x t e n s i o n  o f  s e a r c h  i n  a  c o n n e c t e d  f i e l d

eva lua t ion  o f  fau l ty  response da ta

repet i t ion  o f  search  in  the  sane f ie ld

o v e r a l l  s e a r c h  b y  c h e c k  E e & s o ; e t c .

Cho ice  o f  Search  Paraneter  due to . !

-  conven ien t  norn  is  ava ib le

-  conven ien t  s igna l  to  t race

a n o t h e r  p a r a m e t e r  n e e d e d  f o r  r e p e t i t i o n

r e f .  f r o m  e v a l u a t i o n  o f  f a u l t y  r e s p o n s e

R o u t e  f o r  S e a r c h  C o n t r o l l e d  b y :

-  diagram topography

d iagram data

e x p e r i e n c e ,  f a m i l i a r  l a y o u t  o f  s y s t e m

route  prepared by  func t iona l  reason ing

Source of Norm Data f  or__: luggemett | t :

-  d iagram data ,  wave fo rms and vo l tages

-  e x p e r i e n c e ,  f a m i l i a r  s i g n a l s

-  d e d u c t i o n  f r o m  f u n c t i o n a l  u n d e r s t a n d i n g

-  m e a s u r e m e n t  i n  o t h e r  s y s t e m s

Relat ive Frequency
o  5 0  1 0 0
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Sunmary of Topographic Search Total

Nunber  o f  Topograph ic  Search  Rout ines

F ie l -d  fo r  Search  Found f ron :

-  func t iona l  search

topographic search

e x t e n s i o n  o f  s e a r c h  i n  a  c o n n e c t e d  f i e l d

-  evaLuat ion  o f  fau l ty  response da ta

-  repet i t ion  o f  search  in  the  same f ie ld

-  ove . ra l l  search  by  check  n t€a 'Sr  ,  e tc .

Cho ice  o f  Search  Paraneter  due to :

-  conven ien t  norn  is  ava i lab te

-  conven ien t  s igna l  to  t race

-  another  parameter  needed fo r  repet i t ion

-  re f .  f rom eva lua t ion  o f  fau l ty  response

R o u t e  f o r  S e a r c h  C o n t r o l l e d  b y :

-  diagram topography

-  d iagram data

e x p e r i e n c e ,  f a m i l i a r  l a y o u t  o f  s y s t e n

-  rou te  p repared by  func t j -ona l  reason ing

Source  o f  Nor rn  Data  fo r  JudFement :

-  d iagram data ,  wave fo rms and vo l taqes

-  e x p e r i e n c e ,  f a n i l i a r  s i g n a l s

-  deduc t ion  f ro rn  func t iona l  unders tand ing

-  m e a s u r e m e n t  i n  o t h e r  s y s t e m s
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6.1.3.  Judgement  of  Observat ions,  Source of  Reference Data

Literal ly speaking, al l  data col lected during the search sequence

are immediately judged good or bad individually. For these judgements the

man needs some model or descript ion of the normal state of the system

which supplies him with reference norms for each observation. The presence

of a set of convenient reference norms is often directly stated in the record

as the reason for the choice of the route and parameter used for the search.

Reference norms given in circuj.t  diagrams as DC-bias voltages or

AC-signal amplitudes or wave forms al low a fast and convenient stream of

judgements and typical ly these are used whenever available. I f  reference

data are not given in the diagram, the judgements are often based upon experi-

ence of a general electronic nature, e. g. typical magnitudes of bias voltages

for tubes or transistors, typical wave forms of mult ivibrators, etc.

If  reference stanciards for the judgements are not otherwise available,

the man has to work them out himself by deduction from an understanding

of the normal function of the circuitry, a task which is normally supported

by the wiring diagram. If  the man also has to plan the route for search from

a functi.onal understanding of the circuit,  he has to maintain simultaneously

mental models at two different functional levels, which is a considerable task.

A model  a t  one level  is  necessary to  contro l  the route of  search;  th is

model has to be related to the signal or information f low and thus to the

function of the entire subsystem under consideration. Models at the other level

are needed to supply reference norms for the individual judgements and thus

have to be related to the detai led functioning of the sub-uni.ts along the search

route. In that case the procedure is slow and hesitat ing, probably owing to

the considerable diff iculty in simultaneously maintaining models at different

levels. The situation appears in connection with digital circuitry - especial ly

c i rcu i ts  per forming log ica l  operat ions.

In such circuits, the signals may be present havi.ng normal wave

forms if  judged individually, but coding may be faulty or signals may be

present in faulty combinations, and therefore the normal search routine mav

break down and be unsuccessfu l .

To circumvent this diff iculty without at the same time having to rely

on functional evaluation of more data, the men typical ly prefer to uti l ize

another feature of many digital systems , vLz. the presence of the same type
of  c i rcu i ts  in  severa l  subsystems,  e.  g .  j .dent ica l  c i rcu i ts  in  d i f ferent  decades

of  a scaler ,  and they s i rnp ly  use another  c i rcu i t  as the source of  re ference
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data or they just interchange printed circuit cards.
The same tendency to avoid the mental load from functional reasoning

may expla in why DC-bias measurements are invar iab ly  preferred to  AC-
wave forms in analog signal systems when no reference data are given i1
the rv i r ing d iagram. Judgement  of  DC-bias vo l tages may be based upon
genera l  exper ience of  tube or  t rans is tor  parameters whereas judgement
of  wave forms has to  be based upon exper ience or  understanding re la ted to
the speci f ic  type of  c i rcu i t .

I f  the necessary reference data for the judgements are hard to f ind,
the measuring point or even the route may be discarded. Switching of attelt ion
to another route or f ield of search is often preferred to the effort neecled
to establish reference norms by functional reasoning.

The source of norm data is shown in tables "r to 3.
In analog systems, the main source of norm crata is the

general experience, i .  e. famil iar signals and bias voltage. In
d i .gram data p lay a minor  ro1e,  and genera l  exper ience is  the
source fo l lowed by measurements in  other  systems.  Reference
by functional reasoning is only founcl in a single case.

6 .  1 . 4 .  E x i t  f r o m  T o p o g r a p h i c  S e a r c h

The results obtained by topographic search is i l lustrated in tables
4 t o 6 .

I f  the  topograph ic  search  is  success fu l ,  the  in te res t  o f  the  man is
focused upon the f ie ld around the measuring point which indicates an abnor-
mal bi 'as vol tage, a disappearing signal or s imi lar strategic judgement.  The
most frequent exi t  f rorn the topographic search rout ines in our records is
the ini t iat ion of such a local topographic search from the result  of  a single
good/bad judgement .

In sorne cases, however,  i .nformation rel-ated to the actual faul ty
mode o f  func t ion ing  is  a lso  observed and used by  the  man.  Genera l l y ,  he
does no t  seern  to  be  look ing  fo r  such in fo rmat ion ,  bu t  sudden ly  ' someth ing

shows up" .  Of ten ,  impor tan t  in fo rmat ion  is  mere ly  ment ioned in  pass ing
in  the  main  rou t ine ,  bu t  somet i rnes  i t  ca tches  the  in te res t  o f  the  man and
causes  h im to  sw i tch  to  another  p rocedure  in  wh ich  he  der ives  topograph ic
references or hints about what to look for obtained from such funct ional
in fo r rna t ion .  In  less  than ha l f  o f  the  topograph ic  sequences  in i t ia t ing  loca l
search ,  the  rnode o f  fa i lu re  i s  used to  ind ica te  what  to  use  as  parameter
in  the  loca1 search  and on ly  in  a  few cases  the .  observed fau l t  mode is  usec l
to give a further locat ion of the faul t  by evaluat ion.

diagram and

digital systemg

most important

data deduced



Sunnary of Topographic Search

Number of Topo8raphic Search Rout ines

Topograph ic  re f .  f rom one Observa t ion :

judgenent  in i t ia tes  loca1 search

-  e v a l .  o f  f a u l t  d a t a  g i v e s  t o p .  r e f .

-  eva1.  o f  fau l t  ind ica tes  i twhat  to  look  fo r t r

S e a r c h  U n s u c c e s s f u l ,  N e x t  A c t i v i t y :

-  repeab sane f ie ld  by  o ther  parameter

-  repeat  same f ie ld -by  sane parameter

-  c o n t i n u e  s e a r c h  i n t o  a  c o n n e c t e d  f i e l d

-  r e t u r n  t o  p r e v i o u s ,  l e s s  s i g n i f i c a n t  r e f .

-  r e p e a t  p r e v i o u s  a c t i v i t y

r e t u r n  t o  p r e v i o u s ,  i n t e r r u p t e d  a b t i v i t y

r e t u r n  t o  o v e r a l l  s e a r c h  ( f u n c .  o r  c h e e k s )

take  a  b reak ,  wa i t  fo r  good ideas

eva lua te  summary  o f  observa t ions

-  to  have topograph ic  re f .

-  to  suppor t  r rwhat  to  look  fo r r t

c o n c l u d i n g  j u d g e r n e n t  l a t e r  r e c a l l e d

f o r  u s e  i n  o v e r a l l  s e a r c h
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T a b r - e  N o .  5 .

Sumnary of Tooographic Search Digi tal  Systems

Nunber  o f  Topograph ic  Search  Rout ines

Topograph ic  re f .  f ron  one Observa t ion :

-  judgement  in i t ia tes  loca1 search

eva l  .  o f  fau l t  da ta  g ive ,s  top .  rs f  .

- .  eva l , .  o f  f  au l t  ind ica tes  r fwhat  to  1ook  fo r r l

EerL '
-  repeat  same f ie ld  by  o ther  pararne ter

' -  repeat  same f  ie ld  ay  same parameter

-  c o n t i n u e  s e a r c h  i n t o  a  c o n n e c t e d  f i e l d

-  r 'e tu : :n  to  p rev ious ,  less  s ign i - f i can t  re f  .

-  r e p e a t  p r e v i o u s  a c t i v i t y

-  r e t u r n  t o  p r e v i . o u s ,  i n t e r r u p t e d  a c t i v i t y

-  r e t u r n  t o  o v e r a l l  s e a r c h  ( f u n c .  o r  c h e c k s )

-  take  a  b reak ,  wa i t  fo r  good ideas

-  eva lua te  sumnary  o f  observa t ions

-  to  have topograph ic  re f .

-  to  suppor t  r rwhat  to  look  fo r t r

-  c o n c l u d i n g  j u d g e m e n t  l a t e r  r e c a l l e d

f o r  u s e  i n  o v e r a l l  s e a r c h
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Summary of Topographic Search Total

Number  €  TopoFraph ic  Search  Rout ines

Topograph ic  re f .  f rom one Observa t ion :

-  judgement  in i t ia tes  1oca1 search

-  e v a l .  o f  f a u l t  d a t a  g i v e s  t o p .  r e f .

eva l  .  o f  fau l t  ind ica tes  r twhat  to  look  fo r r f

,SeaqcJr  Unsuccess fu l ,  Nex t  Ac- ! i v i t y :

-  r e p e a t  s a m e  f i e l d  b y  o t h e r  p a r a m e t e r

-  r 'epeat  same f ie ld - -by  same parameter

-  c o n t i n u e  s e a r c h  i n t o  a  c o n n e c t e d  f i e l d

-  r e t u r n  t o  p r e v i o u s ,  l e s s  s i g n i f i c a n t  r e f .

-  r e p e a t  p r e v i o u s  a c t i v i t y

-  r e t u r n  t o  p r e v i o u s ,  i n t e r r u p t e d  a c t i v i t y

-  r e t u r n  t o  o v e r a l l -  s e a r c h  ( f u n c .  o r  c h e c k s )

-  t a k e  a  b r e a k ,  w a i t  f o r  g o o d  i d e a s

-  eva lua te  summary  o f  observa t ions

to  have topograph ic  re f .

-  to  suppor t  r twhat  to  look  fo r r r

-  c o n c l u d i n g  j u d g e m e n t  l a t e r  r e c a l l e d

f o r  u s e  i n  o v e r a l f  s e a r c h

a' r a o r e  l \ o .  o .

N u m  b e r

F o u n d
Relat ive Frequency

o  5 0  1 0 0

8z

j ' l

7

'l 
1

It_

t

5

4

6

8

4

2

7

I

I

I

I

I

I

I

I

I

I

-

I



25

If the search through the current f ield of interest is completed with-

out any clear topographic reference to control the next search, the exit

from the search may lead to a concluding summary. Mostly this is a simple

statement surnmarizing the judgements that have been made such as "a11

voltages oktt or tt the subsystem seems to be al l  r ightrt.  Normally, the original

observations are not mentioned, either as reviews of the accuracy of the

judgements or as attempts to judge the relationships between several obser-

vations. This is even true when a comparison between the information from

observed system response and the data recorded during search would clearly

indicate that judgements have been made too hasti ly. Sometimes the conclucl-

ing judgement refers to a previous hypothesis inferred from the functional

search or the evaluation which init iated the search.

More than half of the topographic sequences end unsuccessful ly and a

number of possibi l i t ies are then open for the choice of the next activity. The

only cLear preference is found in analog systems where the same field is

repeated,  another  parameter  be ing used.  Typica l ly ,  an unsuccessfu l  search

by DC-vol tages is  fo l lowed by an AC-sequence and v ice versa.

The experiments do not give any basis for other rules of choice. What

is ctone depends upon the phase of the overal l  search, the outcome of preced-

l.ng search routines and, possibly, the f ields not yet treated but offering

convenient search routines and having some relation to the fai led function,

etc. A l ist of the choices found in the records may be i l lustrating:

-  Repeat  the search more carefu l ly ,  typ ica l ly  i f  both AC- and DC-searches

have been unsuccessful and the f ield has a well-defined relation to the

fa i led funct ion.

- Extend the search into the topographically connected f ield or subsystem,

even against evidence mentioned during init ial functional search.

- Make a functional search through parameters of a display of the output

vo l tage wave form f rom the f ie ld  (by osc i l loscope) .

- Return to the init ial functional search. Typical ly, this is merely a

repetit ion, not a more thorough treatment of the available information in

order  to  get  a  more speci f ic  re ference to  a deta i led f ie ld  for  search.

At  most ,  a  somewhat  more carefu l  se lect ion of  the parameter  to  be used

in the next  search is  considered.

-  Return to  a prev ious,  less s ign i f icant  re ference,  or  to  a prev ious act iv i ty

which was in terrupted by a reference to  another  rout ine.
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Evaluate more careful ly the information found during the search to
der ive a topographic  reference.

In  some cases,  an unsuccessfu l  sequence resul ts  in  a per iod of

confusion and doubt, a break for a "smokett or a sequence of spurious

act iv i ty .  Dur ing such per iods,  t 'good ideast 'normal ly  emerge.

These schemes for planning and carrying out the search often prove

successful in the end, but cause diff icult ies in some types of systems and
faul ts .  Typica l  casesarefaul tswi th in  a c losed feedback loop in  which a

topographic search is not directly possible. Diff icult ies are also found if

spurious signals propagate along other routes than do the normal signals,
e. g. some types of mains r ipple faults which inf luence several functions in

di l ' ferent ways.

A comment on the tables may be useful here. It  is not possible

to cross-check the f igures given in the tab1e. A few examples may i l lustrate

the reasons for t lr is: Some of the classes shown are not mutually exclusive,
e.  g .  the same observat ions may be used severa l  t imes for  d i f ferent  purposes.
' fhe classes used do not cover al l  the situati .ons found in the records, e. g.
in  tab le 6 is  shown that  in14 cases a repet i t ion i .s  chosen af ter  an unsuccess-
i.ul search, whereas table 3 indi.cates that in 2' l  cases it  has been decided
to repeat  a search.  The reason for  th is  d iscrepancy is  that  in  ? cases other
act iv i t ies have been t r ied before the decis ion was made to repeat  the search.

Simi. larly table 
. l  

5 indicates that 26 cases are found, where a check
is used to confirm a hypothesis rrwhat to look for 'r obtained by evaluation,
whereas tab le 2 l  s ta tes that  on ly  1 2 such hypotheses are tested by checks.
The reason for this is that a number of hypotheses t 'what to look for 'r are
stated by the user as his complaint when he calls for the repair. The hypoth-
eses are checked by the repai r  man,  and the checks are inc luded in  tab le '15,

but  the user f  s  evaluat ion is  not  inc luded in  tab le 21.

n ^6 "  2 .  The Funct iona l  Search

In  the  func t iona l  search ,  the  topograph ic  re fe rence is  ob ta ined f rom

the normal  func t iona l  re la t ion  be tween a  fea ture  in  the  sys tem response and

a  s p e c i f i c  p a r t  o f  t h e  s y s t e m .

A good example  is  t roub le  shoot ing  in  a  TV- rece iver .  The man w i l l

scan the  fea tures  o f  the  p ic tu re  i .n  a  s t ream o f  good/bad judgements  and tu rn

h is  in te res t  to  the  subsys tem re la ted  to  the  fau l ty  fea ture .  I f  the  p ic tu re  i s

too  low,  he  rv i l l  per fo rm a  search  in  the  ver t j "ca l  de f lec t ion  genera tor .  The
f u n c t i o n a l  s g s r s h  i c  n r r i r o  n r t r r n g f f y  t h e  o p e n i n g  m o v e  i n  c o r n p l e x  s y s t e m s
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h.aving subsystems with specif ic funct ions which are individual ly recognizable

in  the  overa l l  sys tem response.  However ,  the  rou t ine  may a lso  be  used la te r

in the procedure when the man is faced with more complex data patterns such

as  wave fo rms on  osc i l loscopes.

The search  used shows s imi la r i t ies  to  the  topograph ic  search .  The

information pattern is scanned and famil iar features are judged individual ly

in  a  s t ream o f  good/bad judgements ,  and on ly  the  resu l ts  o f  the  judgements

are normal ly used to control  the next act i .v i ty.  I f  a response feature is judgecl

faul ty,  at tent ion is typical ly turned immediately towards the subsystem re-

iated to that funct ion and a rout ine search is then performed in the subsystenr.

Information related to the observed mode of fai lure of the funct ion is used verv

cursori ly and mainly to indicate the parameter to be used in the nexl;  search

(what  to  look  fo r ) .

In  p rac t ica l l y  a l l  cases  the  func t iona l  search  g ives  some re fe rence to

the topographic locat ion of the faul t .  In two thirds of the cases, the funct ion

judged as faul ty direct ly refers to a f ie ld for which a convenient search

rout ine is avai lable. In the remaining - typical ly di .gi tal  cases - the funct ion

is not related to a topographical ly wel l -def ined f ield and a further l imitat ion

is then obtained by evaluat ion of the faul t  mode or by an overal l  search by

check  measurements .  These las t -ment ioned two methods  are  equa l ly  f requent

i .n  our  records .

The use o f  the  func t iona l  search  is  rev iewed in  tab les  ?  to  g .

The way the man scans through the parameters of the response

pat te rn  i s  very  ind iv idua l .  In  some cases ,  the  re fe rence to  a  subsys tem is

l ike a pattern recognit ion; in other cases, the man judges a sequence of
parameters sYsternat ical ly.  Sometimes, a careful  manipulat ion of the system

is  needed to  ob ta in  a  c lear  re fe rence to  a  spec i f i c  subsys tem.

In  no t  few cases ,  the  rnan s tud ies  the  fau l ty  response in  g rea t  de ta i l ,

but the information is not used to any large extent to control  the search which
fol lows. Sometirnes the inforrnat ion is recal led later in the record to con-
f i rm a hypothesis found by rout ine search, and perhaps accompanied by a
remark  ind ica t ing  an  "eureka- fee l ing '  when the  hypothes is  appears .

Faced with a mult iparameter pattern of information, the man nor-

mal. l ; r  has a good opportunity not only to deduce rather precisely what is

the cause of the faul ty response and where the faul t  is to be founcl,  but also

rvhat  sor t  o f  search  procedure  u ' i l l  be  most  e f f i c ien t .  I lowever ,  one o f  the

clear indicat ions of our experiments is that the information avai lable is not

used eff ic ient ly by the man in that way, even when faults were simulatecl  to
inv i te  the  use  o f  shor t -cu t  methods  by  func t io r ia l  reason ing  and eva lua t ion .
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Sunmary of Funct ional Search Analog Systems

Nunber  o f  Func t iona l  Search  Rout ines

R e f e r e n c e  t o  L o c a t i o n  o f  F a u l t :

-  where  to  look  nex t  -

-  ob ta ined f rom fa i led  func t ion  on ly

-  fu r ther  re f .  by  eva lua t ion  o f  fau l ty  response

f u r t h e r  r e f .  b y  s u b s e q .  c h e c k  n e a s u r e m e n t s

R e f e r e n c e  t o  N a t u r e  o f  F a u l t :

-  what  to  look  fo r  -

-  by  eva lua t ion  o f  fau l ty  response

Evaluat ion Based Upon One Observat ion

Fau l ty  Response Stud ied  in  More  Deta i l :

-  da ta  f rom more  observa t ions  used fo r

eva lua t ion ,  g ive  re f .  where  or  what

-  o b s e r v a t i o n s  r e c a l l e d  I a t e r ,

used to  der ive  hyp .  where  or  what

u s e d  t o  t e s t  h y p .  f o u n d  i n  o t h e r  w a y s

-  o b s e r v a t i o n s  r e p e a t e d  l a t e r

-  o b s e r v a t i o n s  n o t  u s e d

T a b l e  N o .  7 .

N u m  b e r

F o u n d
Relat ive FrequencY

o  5 0  1 o o
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Tab le  No .  B .

Sumnary of  Funct ional  Search Dig i ta l  Systenrs

Nrrnber  o f  Func t iona l  Search  Rout ines

B e : l e r e n c e  t o  L o c a t i o n  o f  F a u l t :

-  where  to  look  nex t  -

-  o b t a i n e d  f r o m  f a i l e d  f u n c t i o n  o n l y

-  f u r t h e r  r e f .  b y  e v a l u a t i o n  o f  f a u l t y  r e s p o n s e

-  f r r r . ther  re f  .  by  subseq.  check  rneasurements

R e f e r e n c e  t o  N a t u r e  o f  F a u l t ;

-  what  to  look  fo r  -

-  by  eva lua t ion  o f  fau l ty  response

Eva lua t ion  Based Upon One Observa t ion

F a u l t y  R e s p o n s e  S t u d i e d  i n  M o r e  D e t a i 1 :

-  da ta  f rom more  observa t ions  used fo r

e v a l u a t i o n ,  g i v e  r e f .  w h e r e  o r  w h a t

-  o b s e r v a t i o n s  r e c a l l e d  1 a t e r ,

used to  der ive  hyp .  where  or  what

u s e d  t o  t e s t  h y p .  f o u n d  i n  o t h e r  w a y s

-  o b s e r v a t i o n s  r e p e a t e d  l a t e r

-  o b s e r v a t i o n s  n o t  u s e d

Num be r

Found
Relat ive Frequency

0  50  100

I 2

t
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Sunnary of Fuactional Searc! Total

Nus lber  o f  Func t iona l  Search  Rout ines

R e f e r e n c e  t o  L o c a t i o n  o f  F a u l - t :

-  where  to  look  nex t  -

-  ob ta ined f rom fa i led  func t ion  on ly

-  fu r ther  re f .  by  eva lua t ion  o f  fau l ty  response

-  fu r ther  re f .  by  subseq.  check  neasurements

Reference to  Nature  o f  Fau l t :

-  what to look for -

-  by  eva lua t ion  o f  fau l ty  response

Evaluat ions Based Upon One Observat ion

Fau l ty  Response Stud ied  in  More  Deta i l

-  d a t a  f r o m  m o r e  o b s e r v a t i o n s  u s e d

for  eva lua t ion ,  g ive  re f ,  where  or  what

-  o b s e r v a t i o n s  r e c a l l e d  1 a t e r ,

u s e d  t o  d e r i v e  h y p .  w h e r e  o r  w h a t

u s e d  t o  t e s t  h y p .  f o u n d  i n  o t h e r  w a y s

-  o b s e r v a t i o n s  r e p e a t e d  l a t e r

-  o b s e r v a t i o n s  n o t  u s e d

T a b l e  N o .  9 .

N u m b e r

F o u n d
Relat ive FrequencY

o  5 0  1 0 0
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6.  3 .  The Data  Cot lec t ion  Sequence

The typical  iopographic and funct ional search rout ines may be viewed
as sequences  o f  judgements  ra ther  than sequences  o f  observa t ions  o f  c la ta .  11
some cases, however,  t t re attent ion of the man is caught by features of the
sys tem response,  thus  in i t ia t ing  a  sequence o f  two or  more  de ta i led  obser -
vat ions which are not judged good or bad, but instead result  in a "studytt  of
the actual funct ioning of the system.

Such s i tua t ions  are  c lass i f ied  as  "da ta  co l lec t ion  sequences" .  In fo r -
rnat ional ly speaking, the observat ions are general ly not used eff ic ienly;  in
many cases, only the information from one of the observat ions in the sequenc:e
is used to derive a topographic reference., to indicate which parameter is t<t
be  used in  the  nex t  search  sequence or  to  tes t  a  hypothes is .  In  some cases j ,
the information is recorded but apparent ly not used.

The data col lect ion sequences are often closely connected to the
funct ional search, and the use of the information when the faul t  is studied
in detai l  as part  of  a funct ional search is shown on ta.bles 7 to g. A summarv
of al l  data col lect ion sequences is given on tables 10 to 

' l  
2.

6 .4 ,  Check  Measuremen ts

Among the  sequent ia l  rou t ines  in  the  records ,  a  number  o f  s ing le
measurements  a re  d ispersed a t  loca t ions  wh ich  are  chosen ind iv idua l l y
in  the  sys tem.  S ince  such measurements  tvp ica l l y  a re  fo l lowed immedia te ly
by  good/bad judgements ,  they  are  c lass i f ied  as  check  measurements .  These
p lay  an  impor tan t  ro le  in  the  overa l l  search  procedure ;  they  are  used e i ther
to conf irm a hypothesis or as part  of  an overal l  topographic l imitat ion of the
f i e l d  a s  i n  a  " h a u - s p l i t r t p r o c e d u r e .  I n  o u r  r e c o r d s ,  g e n e r a l  e l e c t r o n i c
exper ience is  most  f requent ly  used as  a  bas is  o f  judgements  wh ich  ind ica te
tha t  loca t ions  o f  check  r r teasurements  a re  p re fe rab ly  chosen where  norm
data are i rnrnediately avai lable.

In  our  30  records ,  a  to ta l  o f  ?5  check  measurements  were  found.
The rnos t  f requent  app l i ca t ion  o f  these rneasurements  i s  typ ica l l y

check  measurements  to  conf i rm a  hypothes is  "what  to  look  fo r i l  ob ta ined
by evaluat ion of the faul t .

F requent ly  check  lneasurements  a re  used to  conf i rm a  hypothes is
regard ing  the  loca t ion  o f  the  fau l t  ob ta ined by  eva lua t ion  o f  the  fau l t ,  and
to  conf i rm a  topograph ic  re fe rence found bv  a  topograph ic  search .

Check  measurem-ents  a re  a lso  used as  par t  o f  an  overa l l  topograph ic
s e a r c h ,  s u c h  a s  h a l f - s p l i t  s e a r c h .  H o w e v e r ,  e  m e a s u r i n g  p o i n t  i s  n o t  n o r -
mal ly  chosen accord ing  to  a  fo rmula ted  p lan  bu t  i s  ra ther  chosen be tween
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Sunnary 6f  Data Col lect ion Sequences

T a b l e  N o .  1 o .

AnaIog Sys tems

Nunber  o f  Sequences

C o l l e c t i o n  I n i t i a t e d  O b s e r v a t i o n

d u r i n g :

func t iona l  search

topograph ic  search

check  measurement

s e q u e n c e  i s  r e p e t i t i o n  o f  p r e v .  c o 1 1 .

eva lua t ion  o f  fau l t

Use o f  In fo rmat ion

-  eva lua te ,  hyp .  r rwhe re  to  l - ook t l

-  eva lua te ,  hyp .  r rwha t  t o  l ook  f o r t l

-  e v a l u a t e ,  t o  t e s t  h y p .  f o u n d  i n  o t h e r  w a y s

-  d a t a  r e c o r d e d  o n l y

-  d a t a  r e c a l l - e d  l a t e r

-  o b s e r v a t i o n s  r e p e a t e d  l a t e r

Relat ive Frequency
o 50 10()
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surnqJrry  of  Data co l lect ion sequences Dig i tar  systems

Number  o f  Sequences

d u r i n g :

func t iona l  search

-  topograph ic  search

-  check  measurernent

-  s e q u e n c e  i s  r e p e t i t i o n  o f  p r e v , .  c o 1 1 .

eva lua t ion  o f  fau l t

Use o f  In fo rna t ion

-  eva lua te ,  hyp .  t twhere  to  lookr t

-  eva lua te ,  hyp .  r fwhat  to  look  fo r t !

-  eva lua te ,  to  tes t  hyp .  found in  o ther  ways

-  d a t a  r e c o r d e d  o n l y

-  d a t a  r e c a l l e d  l a t e r

-  o b s e r v a t i o n s  r e p e a t e d  l a t e r

T a b l e  N o .  1 1 .

N u m  b e r

F o u n d
Relat ive Frequency

0  50  100

I 4
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Sunnary  o f  Data  Co l lec t ion  Sequences  Tota l -

Nunber  o f  Sequences

C o l l j c t i o n  I n i t i a t e d  b y  O b s e r v a t i o n

d u r i n g :

func t iona l  search

-  topograph ic  search

-  check  measurement

-  s e q u e n c e  i s  r e p e t i t i o n  o f  p r e v .  c o l l .

-  e v a l u a t i o n  o f  f a u l t

U s e  o f  I n f o r m a t i o n

-  eva lua te ,  hyp .  t rwhe re  to  l ook t t

-  eva lua te ,  hyp .  r rwha t  t o  l ook  f o r t f

-  eva lua te ,  t o  t es t  hyp .  f ound  i n  o the r  ways

-  d a t a  r e c o r d e d  o n l y

-  d a t a  r e c a l l e d  l a t e r

-  o b s e r v a t i o n s  r e p e a t e d  l a t e r

T a b l e  N o .  ) - 2 .

N u m  b e r

F o u n d
Rela t ive  Frequency

o  s o  1 0 0

7

2

6

2

8
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Analog  Sys tems

T a b l e  N o .  1 1 .

Sumnary of Check Measurements

Nunber  o f  Check  Measurenents

Check  l , leasurements  Used to :

-  con f i rn  topograph ic  re fe rence found by

func t iona l  search

topograph ic  search

eva l .  o f  fauLty  response

conf i rm hypo ihes is  t rwhat  to  look  fo r t t

J l rom eva lua t ion  o f  fau l ty  response

per fo rm overa l l  topograph ic  search

Sg'* l 'ce of Norm Data for Judgement

-  da ta  f rom d iagram (wave fo rms or  vo l tages)

-  e x p e r i e n c e ,  f a m i l i a r  w a v e  f o r m s o r  v o l t a g e s

-  deduced f rom func t iona l  unders tand ing

-  normal  da ta  measured in  o ther  sys tem

O b s e r v a t i o n  o f  M o d e  o f  F a i l u r e  U s e d

t o  d e r i v e

t o  d e r i v e

hyp

hyp

t t w h e r e  t o  l o o k t r  n e x t

r rwha t  t o  l ook  f o r r f

N u m b e r

F o u n d
Relat ive Frequency

o  50  100

52

7

t 2

9

o

' l q
L )

33

I

t

I

j

a

I

I

-

I

-

I

I

I



) 6

D i g i t a l  S y s t e m s

. ,
I a o I e  i Y o .  L + .

Sumnary  o f  Check  Measurements

Number  o f  Check  {easurements

C h e c k  M e a s u r e m e n t s  U s e d  t o :

-  con f i rm topograph ic  re fe rence found by

-  f u n c t i o n a l  s e a r c h

-  topograph ic  search

-  e v a l .  o f  f a u l t y  r e s p o n s e

conf i rm hypothes is  r rwhat  to  l -ook  fo r r r

f rom eva lua t ion  o f  fau l ty  response

per fo rm overa l l  topograph ic  search

Source  o f  Norm Data  fo r  Judgement

-  d a t a  f r o m  d i a g r a m  ( w a v e f o r m s  o r  v o l t a g e s )

-  e x p e r i e n c e ,  f a m i l i a r  w a v e  f o r m s  o r

v o i  t a g e s

-  d e d u c e d  f r o m  f u n c t i o n a l  u n d e r s t a n d i n g

-  n o r m a l  d a t a  m e a s u r e d  i n  o t h e r  s y s t e m

O b s e r v a t i o n  o f  M o d e  o f  F a i l u r e  U s e d

t o  d e r i v e  h y p .

t o  d e r i - v e  b y p .

r r w h e r e  t o  l o o k r t  n e x t

" w h a t  t o  l o o k  f o r "

N u m  b e r

F o u n d
Rela t ive  Frequency

o  5 0  1 0 0

2 1
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TotaI

T a b l e  N o .  L 5 .

Summary of Check Measurements

Nunber  o f  Check  Measurements

C h e c k  M e a s u r e m e n t s  U s e d  t o :

-  con f i rn  topograph ic  re fe rence found by

func t iona l  search

topograph ic  search

e v a l .  o f  f a u l t y  r e s p o n s e

c o n f i r m  h y p o t h e s i s  f r w h a t  t o  l o o k  f o r t f

f rom eva lua t ion  o f  fau l ty  response

per fo rm overa l l  topograph ic  search

Source  o f  Norm Data  fo r  Judgement

-  d .a ta  f rom d iagram (wave fo rns  or  vo l tages)

-  exper ience,  fami l ia r  wave fo rms or

v o l t a g e s

-  deduced f ro rn  func t iona l  unders tand ing

-  normal -  da ta  measured.  in  o ther  sys tem

Observa t ion  o f  Mode o f  Fa i lu re  Used

t o  d e r i v e  h y p .

t o  d e r i v e  h y p .

t twhe re  t o  l ook r t  nex t

r rwha t  t o  l ook  f o r r f

N u m b e r

F o u n d
Relat ive Frequency

o  50  100

75

l_o

l_o

14

1B

47

2

8

2

I

I

I
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topograph ica l l y  we l l -de f ined sys tem par ts ,  as  de termined f ro rn  the  graph ica l

layout of the diagram or the mechani.cal  layout of the system.

Only  in  a  few cases  a  check  is  used to  conf i rm the  topograph ic

re fe r "ence ob ta ined f rom a  func t iona l  search .

The most  f requent  source  o f  re fe rence norm data  is  genera l  e lec-

tronic experience of famj- l iar wave forms and bias vol tages. Next in

f requency  are  da ta  f rom the  c i rcu i t  d iagram.  Aga in ,  on ly  few samples  are

found where  re fe rence da ta  k rave  been deduced by  func t iona l  reason ing .

In  on ly  a  smal le r  par t  o f  the  check  measurements ,  the  in fo rmat jon

ot rserved descr ib ing  the  fa i lu re  mode is  used to  der ive  re fe rence 1 .o  loca t ion

(where)  o r  na ture  (what )  o f  the  fau l t .

In  the i r  pure  fo rms, topograph ic  and func t iona l  searches  and check

measurer r ren ts  depend mere ly  upon good/bad judgements  o f  the  da ta  observed.

C lear l ; r  a  more  spec i f i c  de termina t ion  o f  the  fau l t  f rom the  observa t ions

wi l l  be  poss ib le  i f  the  in fo rmat i .on  descr ib ing  the  ac tua l  mode o f  fa i lu re  i s

taken in to  c  ons idera t i .on .

6 .  5 .  Search  b lz  Eva lua t ion

Search  by  eva lua t ion  o f  fau l t  i s  used when the  man der ives  the  topo-

graph ic  re fe rence f rom the  ac tua l  fau l ty  response.  Th is  der iva t ion  imp l ies

an ana lys is  o f  the  in fo rmat ion  observed w i th  respec t  to  the  spec i f i c  ins t ru -

ment and i ts actual state of operat ion. This transformation may be i l lustrated

A S :

Observa t ion  ( i .  e .  da ta  observed descr ib ing  fa i led  s ta te  ) - - -+  Cause

( i .e .  what  i s  changed in  in te rna l  s igna ls  o r  func t ions) - - - - -a  Locat ion  ( i .  e .

where  is  the  fau l ty  component  resu l t ing  in  the  spec i f i c  ma l func t ion) .

T o  b e  a b l e  t o  m a k e  s u c h  c o n v e r s i o n s ,  t h e  m a n  h a s  t o  u s e  m e n t a l

rnode ls  o f  the  sys tem re la t ing  cha: rges  in  in te rna l  s igna ls ,  par ts ,  o r  com-

p o n e n t s  t o  t h e  c h a n g e s  o b s e r v e d  i n  s y s t e m  r e s p o n s e .

C l e a r l y  s u c h  c o n v e r s i o n s  w i l l  b e  m u c h  m o r e  v a r i e d  i n  t h e i r  i n d i v i -

d u a l  a p p e a r a n c e  t h a n  a r e  t h e  r o u t i n e  s e a r c h  p r o c e d u r e s .  A l s o  t h e  c o m p l e x -

i t y  o I  the  convers io r rs  r ' ' a r . i .es  g rea t ly  f rom rap id  s ta te rnents  based upon re -

cogn i t i .ons  f  rom prev io t ts  cases  to  rnore  complex  deduct ions  based upor l

severa l  parameters  and care fu l  cons idera t ion  o f  the  in te rna l  swsfern  funr . -

t ion ins  and anatonrv .
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Menta l  Mode l  and Procedure  used fo r  Eva lua t ion

Most  o f  the  convers ions  found in  our  records  are  rap id  s ta tements

based upon genera l  p ro fess iona l  exper ience.  For  i l l us t ra t i ve  pu lposes  a
few examples  are  g iven be low.  The exper ience is  c lass i f ied  here  in  th ree

types  re la ted  to  (a )  the  spec i f i c  type  o f  sys tem,  (b )  the  genera l  behav iour

o f  e lec t ron ic  c i rcu i t ry ,  and (c )  the  typ ica l  fa i lu re  mode o f  components .

a .  Exper ience o f  spec i f i c  sys tems p lays  a  less  impor tan t  ro le
in  our  records  than wou ld  be  expec ted  f rom I 'o ld  boys  in  the  t rade" ,  becaur ;€ r

the  cho ice  o f  sys tems dur ing  the  exper iments  was s r ich  tha t  i t  r rou ld  n6 t
a l low the  rnan to  go  d i rec t l y  to  the  fau l t  by  mere  recogn i t ion"  Th is  c6o ice
was made to  s tudy  genera l  fea tures  o f  the  search  procedures  and thus  avo ic l
too  much in f luence f rom exper ience charac ter iz ing  a  spec i f i c  man -  ins t ru -
rnenL relat ionship.

b .  Genera l  e lec t ron ic  exper iencr :  independen l ;  o f  the  spec i f i c  type
of  sys tem.  Typ ica l  samples  er r .e :  Observa t ion :  Woo l ly  o r  fuzzy  wave fo rm
by osc i l loscope measurement  -+  what :  n ta ins  r ipp le .  Observa t ion :  s igna l
compressed - - - -E  what :  shor t  c i rcu i t .  Obser :va t ion :  uns tab le  wave fo rm
f rorn f l ip-f lop circui t  ---5 what:  faul ty tr igger signal,  etc.

c .  Exper ience o f  component  fau l t  ra te  o r  mode,  wh ich  is  a lso
independent  o f  the  spec i f i c  sys tem.  Samples  are :  What :  shor t  c i rcu i t
where: cable connector.  what:  faul ty tr iggering of f l ip-f lop ----D where:
t r igger  d iode "b lownt ' .  Observa t lon :  low b ias  vo l tage - -Dwhere :  shor t
c i rcu i t  in  t rans is to r .

Such s ta tements  a re  genera l l y  expressed as  recogn i t ions .  The t rans-
fo rn ta t ions  based upon consc ious  reason ing  re la ted  to  in te rna l  func t ion ing
of  the  sys tem are  complex  and d i f f i cu l t  to  keep pace w i th  dur ing  verba l i za-
t ion ,  and the  records  on ly  ind ica te  the  sur face  o f  the  ac t iv i t y .

Th is  fac t ,  cornb ined w i th  the  low number  o f  cases ,  a l lows on ly  very
genera l  and sub jec t ive  a t tempts  a t  c lass i fy ing  behav iour ,  bu t  a t  leas t  two
g r o u p s  o f  p r o c e d u r e s  s e e m  t o  b e  u s e d .

In  one type the  man seems to  be  work ing  f rom ins ide  the  sys tem
outwards  to  the  respot tse  in  a  way wh ich  cou ld  be  i l l us t ra ted  as :  Es tab l i sh ,
by exarninat ion of diagrams or by memor- iz ing, a mental  rnodel of  the normal
svs tem anatomv,  i t s  s igna ls  and func t ion ing .  Then make a  guess  as  to  wh ich
s igna l  o r  component  rn igh t  be  invo lved in  the  fau l ty  response.  Mod i fy  the
mode l  accord ing ly  and eva lua te  the  resu l t ing  response pa t te rn .  Compare  w i th
t h e  d a t a  o b s e r v e d  t o  j u d g e  t h e  r e l e v a n c e  o f  t h e  g u e s s .  T h e  p r o c e d u r e  m a y  b e
c a 1 l e d  a  m e n t a l  f u n c t i o n a l  s e a r c h .
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Th is  sor t  o f  p rocedure  is  most  cLear ly  expressed lvhen the  hypoth-

es is  i t  no t  a  guess ,  bu t  when the  fau l t  i s  found by  another  search  procedure :

and the  resu l t  i s  tes ted  aga ins t  sys tem response by  func t iona l  r 'eason ing .

In  o ther  cases ,  the  man is  work ing  f rom response da ta  in to  the

in te r io r  o f  the  sys tem.  The procednre  looks  l i ke  a  menta l  topograph ic

search :  l ' rom the  response pa t te rn  and an  unders tand ing  o f  the  sys tem,

the  absence or  p resence o f  a  normal  s igna l  o r  sys tem s ta te  a long a  chosen

search  rou te  i s  deduced by  func t iona l  reason ing .  The main  d i f fe rence f ro rn

the  normal  topograph ic  search  is  tha t  the  da ta ,  wh i< :h  a re  sub jec t  to  inC i -

v idua l  judgement ,  a re  no t  measured d i rec t l y ,  bu t  deduced f rom the  s ; , ' s te r -n

r e s p o n s e .

The func t iona l  and the  topograph ic  search  rou t ines  in  t t re i r "  s te reo-

typed fo rm are  on ly  ab le  to  g ive  a  topograph ic  re fe r :€ :nce  -  to  ind ica te  where

to  look  nex t .  The search  by  eva lua t ion  o f  the  fau l t  i s  dea l ing  w i th  the  ac tua l

in te rna l  func t ion ing  o f  the  sys tem and can there fore ,  in  add i t ion  to  a  topo-

gJraph ic  re fe rence,  g ive  in fo rmat ion  about  what  to  look  fo r  ( i .  e .  wh ich  s igna l

to  use  fo r  fu r ther  search) ,  o r  i t  may be  used to  conf i rm a  topograph ic  re fe r -

ence found by  o ther  means.

In  our  records  we f ind  tha t  a l l  the  da ta  observed by  the  men as  par t

o f  a  search  sequence or  a  check  measurement  a re  a lmost  immedia te ly

judged to  be  good or  bad.  However ,  der iva t ion  o f  a  re fe rence as  to  where

to  look  nex t  o r  what  to  look  fo r  f rom the  da ta  descr ib ing  the  ac tua l  mode

of fai lure plays an important role inthe decisions which l ink t i re nlore stereo-

typed search  sequences  together  in to  a  comple te  p rocedure .  In  an  ana lys is

o f  35  records ,  a  to ta l  o f  i  1  0  ins tances  have been found,  wh ich  have been

c lass i f ied  as  eva lua t ions  o f  the  fau l t  mode to  f ind  re fe rence to  I 'where  to

look"  o r  t 'what  to  look  fo r " .  Near ly  B0To o f  these eva lua t ions  are  expressed

as rap id  s ta tements  based upon a  s ing le  observa t ion  and upon genera l  p ro-

fess iona l  exper ience.  On ly  about  20 f t  ind ica tes  care fu l  reason ing  re la ted  to

the  in te rna l  func t ion ing  o f  the  spec i f i c  sys tem.

30 o f  the  records  l iave  been ana lysed in  de ta i l ,  and  these records

c o n t a i n  8 7  e v a l u a t i o n s ,  w h i c h  a r e  i l l u s t r a t e d  i n  t a b l e s  1 6  t o  2 1 .

As  i t  i s  seen l rom tab les  ' l  6  to  1B most  o f  the  eva lua t ions  in  these

r e c o r d s  a r e  e x p r e s s e d  a s  r a p i d  s t a t e m e n t s ,  b a s e d  u p o n  g e n e r a l  e l e c t r o n i c

exper ience.  The dec is ions  are  usua l ly  taken very  rap id ly ,  l i ke  recog-

n i t rons ,  and on ly  a  s ing le  f  ea ture  f  ro rn  the  ' in f  o rmat ion  ob ta ined by  a  s ing le

measr l renren t  o r  obser r , 'a t ion  no t 'ma l l ; '  suppor ts  the  s ta tements .

A  smal . le r  par t  o f  the  eva lua t ions  is  found to  be  more  complex  or ies

basec i  upo l t  a  i ' unc t iona l  unders tandrng o f  sys tern  func t ion .  In  our  cases  the
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F a u l t s

Number  o f  Eva l -ua t inF  Rout ines

Source  o f  Data

-  observa t ions  dur ing  func t iona l  search

-  obsez 'va t ions  dur ing  topograph ic  search

-  observa t ions  dur ing  check  measurements

-  r e c a l l  o f  o b s e r v a t i o n s

r e p e t i t i o n  o f  o b s e r v a t i _ o n s

r e s u l t  o f  a  p r e v i o u s  e v a l u a t i _ o n

Amount  o f  Observa t ions  Used

-  d a t a  f r o m  o n l y  o n e  o b s e r v a t i o n

-  d a t a  f r o m  m o r e  o b s e r v a t i o n s

P r o c q d u r e  a n d  M e n ! a l  M o d e l  U s e d

e x p e r i e n c e  w i t h  c i r c u i t  p e r f o r m

e x p e r i e n c e  w i t h  c o m p o n e n t  p e r f o r m

e x p e r i e n c e  w i t h  s p e c i f i c  s y s t e m

e v a l u a t i o n  b y  m e n t a l  t o p .  s e a r c h

e v a l u a t i o n  b y  m e n t a l  f u n c .  s e a r c h

t o p .  s e a r c h  b y  r e c a l l e d  j u d g e m e n t s

T a b l e  N o .  L 6 .
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-summary  o f  Search  by  Eva lua t ion  o f  Fau l ts  D ig i ta l  Sys tems

Number  o f  Eva lua t ing  Rout ines

Source  o f  Data

-  observa t ions  dur ing  func t iona l  search

-  observa t ions  dur ing  topograph ic  search

-  observa t ions  dur ing  check  measurements

-  r e c a l l  o f  o b s e r v a t i o n s

-  r e p e t i t i o n  o f  o b s e r v a t i o n s

-  r e s u l t  o f  a  p r e v i o u s  e v a l u a t i o n

Amount  o f  Observa t ions  Used

-  da ta  f ron  on l -y  one observa t ion

-  d a t a  f r o m  m o r e  o b s e r v a t i o n s

Procedure  and Menta1 Mode l  Used

. :  e x p e r i e n c e  w i t h  c i r c u i t  p e r f o r m
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Sumnary  o f  Search  by  Eva lua t ion  o f  Fau l ts

Numbel o f  E v a l u a t i n F  R o u t i n e s

Source  o f  Data

o b s e r v a t i o n s  d u r i n g  f u n c t i o n a l  s e a r c h

observa t ions  d .u r ing  topograph ic  search

observa t ions  dur ing  check  measurements

rer :a l l  o f  observa t ions

r e p e t i t i o n  o f  o b s e r v a t ' i o n s

-  resu- l " t  o f  a  p rev ious  eva lua t ion

Amounb.  o f  Observa t ions  Used

-  da ta  f rom on ly  one observa t ion

-  da ta  f rom more  observa t ions

Progedyre  and Menta I  Mode l  Used

T a b l e  N o .  1 8 .
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e x p e r i e n c e  w i t h  c i r c u i t  p e r f o r m

e x p e r i e n c e  w i t h  c o m p o n e n t  p e r f o r m

e x p e r i e n c e  w i t h  s p e c i f i c  s y s t e m

e v a l u a t i o n  b y  r n e n t a l  t o p .  s e a r c h

e v a l u a t i o n  b y  m e n t a l  f u n c .  s e a r c h

t o p .  s e a r c h  b y  r e c a l l e d  j u d g e m e n t s
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Sunmary  o f  Search  b I  Eva lua t ion  o f  Fau l ts  Ana log  Sys tems

Nunber  o f  Eva lua t ing  Rout ineg

Resu l t  o f  Eva iua t ions :

-_  Eypothes is  r rwhere  to  look t t  Nex t

-  h y p o t h e s i s  t e s t e d  b y  c h e c k

-  component  found by  th is  check

-  r e f e r e n c e  u s e d  f o r  t o p .  s e a r c h

-  hypothes is  fo l lowed by  fu r ther  eva l - .

:  H l rpo thes is  r rwhat  to  look  fo r r r

-  h y p o t h e s i s  t e s t e d  b y  c h e c k

-  i n d i c a t e s  p a r a m e t e r  f o r  o t h e r  c h e c k

i n d i c a t e s  p a r a m e t e r  f o r  t o p .  s e a r c h

-  h y p .  f o l l o w e d  b y  f u r t h e r  e v a l .

-  T e s t  o f  H y p o t h e s i s  F o u n d  i n  o t h e r  W a y s

-  H y p o t h e s i s  F o u n d  R e j e c t e d  b y  C h e c k

-  r e t u r n  t o  p r e v i o u s  a c t i v i t y

-  r e t u r n  t o  p r e v i o u s  r e f e r e n c e  o r  h y p .

-  r e p e a t  p r e v i o u s  a c t i v i t y

-  t a k e  a  b r e a k ,  w a i t  f o r  i d e a s

-  R e s u 1 t  o f  E v a l u a t i o n s  N o t  U s e d

T a b I e  N o .  1 9 .
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Surq D i g i t a l  S y s t e m e

N u m b e r

Found

Nunber j f  Ev'alr&*ing Rout ineq

R e s u l t  o f  E v a l u a t i o n s :

T a b , i e  l l p .  l l , t .

33

-  Hync thes is  i twhere  to  lookr r  Nex t

-  l r ;+pothes j .s  tes ted  by  check

cnrnponent  found by  th is  check

-  : re fe rence used fo r  topo a€&rch

-  hypothes is  fo l lowed by  fu r ther  eva l .

-. tlre

-  h y p o t h e s l s  t e s t e d  b y  c h e c k

-  l n d i c a t e s  p a r a m e t e r  f o r  o t h e r  c h e c k

-  : n d i c a t e s  p a r a m e t e r  f  o r  t o p .  s e a r c h

-  h y p .  f o l l o w e d  b y  f u r t h e r  e v a l .

-  Teqt  92{  Hypothes is  Found in  o ther  V /ays

-  H y p o f , h e s i s  } - o u n d  R e j e c t e d  b y  C h e c k

-  r e t u r n  t o  p r e v i o u s  a c t i v i t y

-  r e t u r n  t o  p r e v i o u s  r e f e r e n c e  o r  h y p .

-  r e p e a l  p r e v i o u s  a c t i v i t y

-  f a k e  a  b r e a k ,  w a i t  f o r  i d e a s

-  R e s u l t  o f ' E v a i L r a t i o n s  N o t  U s e d

9

q

2

4

'l

I5

4

5

3

7

I

- l
I

2

Relat ive Frequency
o  5 0  1 0 0



- 4 6

Sunmary  o f  Search  by  Eva lua t ion  o f  Fau l ts  To ta l

llunts

Resu l t  o f  Eva lua t i ons :

-  Hypothes is  r fwhere  to  lookr r  Nex t

-  h y p o t h e s i s  t e s t e d  b y  c h e c k

-  component  found by  th is  check

- '  r e f e r e n c e  u s e d  f o r  t o p o  s e & r c h

. -  hypothes is  fo l lowed by  fu r ther  eva l .

-  I l ypo thes is  r rwhat  to  look  fo r r l

-  h y p o t h e s i s  t e s t e d  b y  c h e c k

-  i n d i c a t e s  p a r a m e t e r  f o r  o t h e r  c h e c k

-  i n d i c a t e s  p a r a m e t e r  f o r  t o p .  s e a r c h

-  hyp .  fo l - lowed by  fu r ther  eva l - .

-  Tes t  o f  l l ypo thes i -s  Found in  o ther  Ways

-  H y p o t h e s i s  F o u n d  R e j e c t e d  b y  C h e c k

-  r e l u r n  t o  p r e v i o u s  a c t i v i t y

-  r e l u r n  t o  p r e v i o u s  r e f e r e n c e  o r  h y p .

-  r e p e a t  p r e v i o u s  a c t i v i t y

t a k e  a  b r e a k ,  w a i t  f o r  i d e a s

-  R e s u l t  o f  E v a l u a f , i o n s  N o t  U s e d

T a b l e  N o .  2 L .
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"menta l  func t iona l  search t '  was  used more  f requent ly  than "menta l  topo-

graph ic  search t ' .  These eva lua t ions  are  based upon the  or ig ina l  in fo rmat ion

o b s e r v e d .  I n  s o m e  c a s e s  a n o t h e r  f o r m  o f  t ' m e n t a l  s e a r c h t ' i s  e x p l i c i t l y

ment ioned:  By  reca l l ing  conc lud ing  judgements  f rom prev ious  search  se-

quences ,  the  rnan dec ides  where  to  seek  nex t  by  the  exc lus ion  o f  "good"  f ie lds

or  par ts  o f  the  sys i ;em.  Such good/bad mapp ing  o f  the  sys tem in  a  n rore

s u b c o n s c i o u s  f o r m  m a y  c o n t r o l  t h e  s e a r c h  i n  e v e n  m o r e  c a s e s .

6 .  5 .  2 .  Source  o f  Da la_ f  g r  Eva lua t ions

The source  o f  da ta  used fo r  search  by  eva lua t ion  o f  the  fau l t  can  l :e

observa t ions  made dur ing  topograph ica l  and func t iona l  search  or  meas l r re -

nrents planned individual ly to give such information.

The most  impor tan t  source  found in  our  records  is  observa t ions

rn ,h ich  are  a lso  used fo r  good/bad judgements  dur ing  rou t ine  search ,  and

in  most  cases  the  eva lua t ion  fo l lows immedia te ly  a f te r  the  observa t ion .

A smal le r  par t  i s  based upon observa t ions  made dur ing  a  p rev ious

s tage o f  the  procedure ,  and in  such eases  a  repet i t ion  o f  the  observa t ions

is  as  f requent  as  a  reca l l  o f  the  da ta .  In  some cases  the  eva l -ua t ion  is  fo l -

l o w e d  b y a f u r t h e r e v a l u a t i o n , e . g .  a  h y p o t h e s i s  o f  " w h a t  t o  l o o k  f o r i l  c a n  b e

fo l lowed immedia te ly  by  an  eva lua t ion  and a  hypothes is  about  t 'where  to

l o o k t ' .

6 . 5 . 3 .  t l s e  o f  t h e  F l v a l u a t i o n s  i n  t h e  P r o c e d u r e s

Nearly half  of  the evaluat ions result  in a hypothesis about what to

look  fo r ' .  The use o f  th is  hypothes is  seems equa l ly  l i ke ly  to  lead to :  a )  a

fu r ther  eva lua t ion  o f  where  to  look ,  b )  a  re fe rence to  the  parameter  fo r

u s e  i n  a  t o p o g r a p h i c  s e a r c h  o r  c )  a  r e f e r e n c e  t o  t h e  p a r a m e t e r  f o r  a  c h e c k

measurement  a t  a  loca t ion  de termined by  o ther  means.  On ly  the  resu l ts  o f

a  s m a l i e r  p a r t  o f  t h e s e  h y p o t h e s e s  a r e  t e s t e d  d i r e c t l y  b y  c h e c k - m e a s u r e -

m e n t s .

Less  f ' requent  a re  eva lua t ions  resu l t ing  in  a  hypothes is  "where  to

l o o k  n e x t " ,  a n d  m o r e  t h a n  h a l f  o f  t h e s e  a r e  t e s t e d  d i r e c t l y  b y  c h e c k  m e a s u r e -

m e n t s .  T h e  h y p o t h e s i s  r e s u l t s  i n  a )  a  t o p o g r a p h i c  s e a r c h .  b )  a  r e f e r e n c e

d i rec t l . v  tc - '  the  fau l ty  component  as  the  f ina l  search  in  a  loca1 "s tage" ,  o r  c  )

in  a  s ing le  case to  fu r ther  eva lua t ion  to  l im i t  the  poss ib le  loca t ion .
( ) l ' rn inor  impor ta t tce  is  the  use  o f  eva lua t ions  to  conf i rm a  hypoth-

e s i s  f c , u n c l  b v  o t h e r  m e a n s :  e . g .  t h e  r e s u l t  o f  a  t o p o g r a p h i c  s e a r c h  i s  c o n -

f j r m e c i  b 1 '  e v a l u a t i o n  o f  r e c a l l e d  o r  r e - o b s e r v e d  s y s t e m  r e s p o n s e .
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In  some cases  the  resu l t ing  hypothes is  f rom an eva lua t ion  is  no t

u s e d  o r  i s  r e j e c t e d  b y  a  c h e c k .  I n  s u c h  c a s e s  t h e  m a n  i s  r n o s t  l i k e l y  t o

re t t t rn  to  h is  p rev ious  ac t iv i t y ,  wh ich  was in te r rup ted  by  the  eva lua t ion .

I f  he  is  in  d i f f i cu l t ies ,  he  may repeat  p rev ious  ac t iv i t ies  o r  t ' take  a  b reakr ' ,

r v a i t i n g  f o r  " g o o d  i d e a s t ' "

7 .  GENERAL ASPECTS OF SBARCI{  ROLTTINES

The ana lys is  o f  our  records  shows tha t ,  a l though the  comple te

procedure  used in  a  spec i f i c  case depends s t rong ly  upon the  type  o f  ins t , ru -

ment and upon the actual fau1t,  the procedures can be broken down into a

se( l l lence o f  subrout ines ,  wh ich  can be  grouped in to  typ ica l  c lasses .  The

f requency  o f  the  d i f fe ren t  subrout ines  in  our  records  is  shown in  f igs .  ' l  
to  3 .

As  a l ready  i l l us t ra ted  by  the  example  prev ious ly  d iscussed,  the

sub: : 'ou t ines  ava i lab le  to  the  men d i f fe r  g rea t ly  a long severa l  charac ter is t i c

d i :nens ions ,  such as  the i r  genera l i t y ,  the  complex i ty  o f  the  da ta  hand l ing

; r rocedure  and the  depth  o f  sys tem knowledge needed fo r  suppor t  as  we l l  as

the  amount  o f  observa t ions  used.  In  our  contex t  i t  i s  in te res t ing  to  d iscuss

these fea tures  in  somewhat  more  de ta i l .

7 .  I  .  Genera l i t y  o f  Procedures  and Depth  o f  Suppor t ing_ Sys tem Knowledge

The nren ta l  da ta  hand l ing  necessary  in  a  co-opera t ive  man -  mach ine

endeavour impl ies that the man has avai lable some sort  of  mental  model of

the  sys tem and a  procedure  to  make th is  mode l  opera te  upon the  da ta  ob-

served.  The menta l  mode l  as  we l l  as  the  procedure  may be  suppor ted  by

ex terna l  rneans  such as  d iagrams,  d rawings ,  ins t ruc t ions ,  and ru les .

The prev ious  d iscuss ion  ind ica tes  tha t  the  menta l  p rocedures  used

in trouble shoot ing var)r  great ly in respect of the depth of system knowledge

needed as  suppor t .  A t  one ex t reme,  the  man has  procedures  wh ich  are  based

on lv  upon very  genera l  p ro fess iona l  t ra in ing  and exper ience;  a t  the  o ther ,  he

has  procedures  ava i lab le  wh ich  ca l l  fo r  very  de ta i led  knowledge o f  the  spec i f i c

system and the iaws control l ing i . ts internal funct ioning.

In  our  exper iments ,  the  records  demonst ra te  the  menrs  g rea t  ab i l i t y

to  ge t  a round the i r  search  prob lem by  means o f  a  sequence o f  genera l  p ro-

cedures  most ly  depend ing  upon the i r  genera l  p ro fess iona l  exper ience and

background.

l n  a  t o p o g r a p h i c  s e a r c h ,  t h e  s e a r c h  p r o c e d u r e  c o n s i s t i n g  o f  a  s e -

q u e n c e  o f  g o o c l / t r a O  j u d g e m e n t s  i s  v e r y  g e n e r a l .  T h e  m o d e l  o f  t h e  s y s t e m
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F i g .  l

Number ot
Records

Number of
Records

o

Check-measurement  s

O Analog

X  D i g i t a l

10 Number of
Subrout ines

F u n c t i o n a l  S e a r c h

o
x

15 Analog

Dig i  t  a }

r l

B9 10 Nuniber  o f
Subrout ines

H i s t o g r a m  i l l u s t r a t i n g  t h e  d j - s t r i b u t i o r r  o f  s e a r c h  r o u t i n e s  f o u n d

r n  1 o  r e c o r d s ,  w h i c h  w e r e  a n a l y z e d  i n  d e t a i t .  T h e  a n a l y s i s  c o v e r s

5  d  i g i  t  l i l  a n d  2 2  a n a i o g  s y s t c - m s .
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F i g . 2

Number of
Records

Number of
Records

Topograph ic  Search

O Analog

X  D i g i t a l

Number of
Subrout ines

Seareh by  Eva lua t ion

O Analog

X Dig i ta l

o
o

XooXX
x
OX

Number  o f
Subrout ines

H i s t o g r a m  i l l u s t r a t i n g  t h e  d i s t r i b u t i o n  o f  s e a r c h  r o u t i n e s  f o u n d

i n  3 o  r e c o r d s t  w h i c h  w e r e  a n a l y z e d  i n  d e t a i l .  T h e  a n a l y s i s  c o v e r s
o  - .d  d i g i t a l  a n d  2 2  a n a l o g  s y s t e m s .
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Number of
Records

D a t a  C o l l e c t i o n

O Ana log

X  D i g i t a l

10 Number  o f
Subrout ines

H i s t o g r a m  i l l u s t r a t i n g  t h e  d i s t r i b u t i o n  o f  s e a r c h  r o u t i n e s  f o u n d

i t  J o  r e c o r d s ,  w h i c h  w e r e  a n a l y z e d  i n  d e t a i l .  T h e  a n a l y s i s  c o v e r s

8  a i g i t a l  a n d  2 2  a n a l o g  s y s t e m s .
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used fo r  the  search  has  to  supp ly  the  man w i th  an  appropr ia te  ro r - r te  fo r :

search  and re fe rence da ta  fo r  h is  judgements .  I f  a  c i rcu i t  d iagranr  i s

ava i lab le  wh ich  c lear ly  ind ica tes  the  main  s igna l  pa th  and g ives  su f f i c ien t

da ta  fo r  normal  b ias  vo l tages  and s igna ls ,  the  menta l  mode l  needed by  the

man has  on ly  to  suppor t  h im in  the  topograph ic  cor re la t ion  be tween the

d iagram and the  sys tem.  H is  menta l  mode l  need on ly  be  based upon h is

pro fess iona l  exper ience w i th  the  v isua l  appearance o f  typ ica l  components

and c j rcu i ts  and w i th  the  normal  layout  o f  the  c i rcu i t ry .  Th is  i s  the  case

in  p rac t ica l l y  a l l  the  topograph ic  search  rou t ines  found in  our  recorc ls .

I t t  T0To o f  the  rou t ines ,  the  rou te  i s  suppor ted  by  the  c i rcu i t  d iagram,  wh ichr

is  v iewed as  a  topograph ic  map.

Appropr ia te  rou tes  fo r  search  or  re fe rence da ta  fo r  judgements  may

not  a lways  be  immedia te ly  ava i lab le  in  th is  way.

In  such cases  o ther  types  o f  search  must  be  used,  o r  the  rou te  and

the  re fe rence da ta  fo r  topograph ic  search  must  be  p lanned or  deduced f rom

an understanding of the internal funct ioning of the system by employing a

rnental  model of  the specif ic system anatomy and funct ioning. This model

js  a lso  normal ly  suppor ted  by  the  c i rcu i t  d iagram,  wh ich  is  now seen as  a

func t iona l  descr ip t ion .  Topograph ic  search  suppor ted  in  th is  way is  found

on ly  in  very  few o f  our  cases .

Our  records  a lso  show a  c lear  ab i l i t y  in  the  man to  base h is  func-

t iona l  search  upon very  genera l  menta l  mode ls  o f  the  sys tem.  The man w i l l

scan fami l ia r  fea tures  in  the  response by  a  sequence o f  good/bad judgements .

I f  he  meets  a  fau l ty  response fea ture ,  a  genera l  "b lock-d iagram unders tand-

ing"  o f  the  s ) .s1sm can re fe r  the  man to  the  re la ted  subsys tem.  I f  th is  i s  a

topograph ica l l y  weI I -de f ined par t  o f  the  sys tem,  h is  a t ten t ion  w i l l  immedi -

a te ly  sw i tch  to  th is  sys tem in  o rder  to  per fo rm a  rou t ine  search .  Even when

such fau l ts  were  s imu la ted  so  tha t  the  sys tem response to  the  p lanners  o f

the experiments clear ly indicated possible short-cut methods i f  the internal

funct ioning of the system was considered, the men normal ly used their

genera l  search  rou t ines .

A lso  in  the  search  by  eva lua t ion  o f  the  ac tua l  fau l t  mode,  the  records

show a  pronounced pre ference fo r  the  use  o f  t rans format ion  mode ls  wh ich

are  no t  c lose ly  re la ted  to  the  spec i f i c  sys tem,  bu t  based upon genera l  ex-

p e r i e n c  e .

Near ly  B0To o f  the  ins tances  o f  fau l t  e r , .a lua t ions  found in  our  records

a r e  e x p r e s s e d  a s  r a p i d  s t a t e m e n t s  a n d  c l a s s i f i e d  a s  a  r e c o g n i t i o n  b a s e d

upon genera l  p ro fess iona l  background or  exper ience.  On ly  about  2070 o f .  the

e v a l u a t i o n s  i n d i c a t e  m o r e  c a r e f u l  r e a s o n i n g  b a s e d  u p o n  a  m e n t a l  m o d e l
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related to the internal functioning of the specif ic system.
Thus an interesting feature of the procedures found in our records

is the pronounced abil i ty demonstrated by the men to produce overal l
procedures based on genera l  search rout ines which are not  c losely  re la ted

to the speci f ic  inst rument .

Scanning a h igh number of  observat ions by s imple procedures is

c lear ly  preferred to  the preparat ion of  speci f ic  procedures worked out  by
studying or memorizing the internal functioning of the systern.

7.2.  Redundant  Observat ions and Impuls ive gecis ions

Other fundamental aspects of the procedures quite natural ly fol low

the preference of  the men for  genera l  methods not  c losely  re la ted to  the

speci f  ic  system or  i ts  actual  fau1t .

A genera l  procedure cannot ,  o f  course,  be based upon vel iy  deta i led
inforrrration f ound in the observations or measurements. In part icular gene-

ral methods cannot take advantage of information contained in the specif ic
re le i t ions between severa l  observat ions.  This  is  c lear ly  ind icated by the
genera l  features of  the procedures found in  our  records.

The funct ional  and the topographic  searches appear  as funct ional  or

topographic  good/bad mappings of  the system.

Practical ly speaking, alJ. observations are immediately judged to be
good or bad, and only the results of the judgements normally control the
next  act iv i ty .  In  some cases,  the parameters chosen for  a  topographic

search cannot locate the fau1t, and information clearly indicating this may
be recorded by the man pr ior  to  h is  dec is ion to  turn to  that  par t icu lar  search.
Of ten only  the decis ion about  where to  look connects the rout ine to  the prev ious
search.  Dur ing the search rout ines,  no at tent ion is  pa id to  whether  a measur-
ing point wil l  be informationally redundant or not.

When specif ic information related to the actual mode of the faulty
funct ion is  used by the man,  he seems genera l ly  not  to  have been look ing
for  such in format ion l  instead,  t 'someth ing shows up" .

Of ten,  impor tant  in format ion is  mere ly  ment ioned " in  pass ing"  in  a
search rout ine,  but  somet imes i t  catches the at tent ion of  the man and causes
him to swi tch to  another  procedure g iv ing h im a topographic  reference as
to "where to  look"  or  h in ts  about  what  to  look for .

The dependence of  the procedures upon ind iv idual  observat ions and
judgements corresponds to  a genera l  tendency found in  the records.  Instead
of  making overa l l  p lans for  the search,  the tendency is  to  make rapid or
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impulsive decisions al l  along the search based only upon the information

observed at the moment. This, of course, gives a very individual pattern to

the different overal l  procedures found in our cases.

A main rule for the structuring of the procedures seems to be that as

soon as an observation is found to give a topographic reference to a more

restr icted f ield for whi.ch a famil iar search routine is at hand, a decisi.on is

taken to  swi tch to  that  f ie ld ,  to  fo l low theI tway of  least  res is tancet ' .

There seems to be a "point of no return" in the attention of the man

the rnoment  he takes such a deci .s ion,  as d iscussed by Bar t le t t  (1958) .  A l though

more information indicating possible short-cut methods or important hints

for the next search, i .s clearly available from the observation and is recorded

by the rnan the decision prevents any inf luence from such inforrnation; hence

the next search is a routine, start ing from scratch.

The basic difference in the amount of data needed for the different

procedures and in the complexity of the mental data handling task these pro-

cedures impose upon the man constitute important features of the various

search procedures available to the men. There is a complementary relation

between these aspects of the routines

The very genera l  procedures are based upon a rapid s t ream of  good/

bad judgements, and call  for a large number of observations which are treated

individually and then left behind. The system is mapped in a rather system-

atic way by such judgements, and this seems to be a convenient way of re-

membering the results of past activit ies. A general impression is that during

his search the man is well  aware of his previous judgements.

However, the originally observed data are discarded without subsequent

recal l ,  but ,  in  some cases,  they seem to bui ld  up -  unconscious ly  to  the man -

a sort of feel ing in him; and later in the procedure this feel ing can init iate

hypotheses appear ing as good ideas.

The very speci f ic  procedures based upon system anatomy and func-

t ioning require only a few observations, but the information handling is

complex, and simultaneous treatment of several observations and a consider-

able carry-over  of  in format ion may be needed in  the shor t - term memory

between the ind iv idual  s teps of  the procedure.

7.3.  NTenta l  Load f rom the Procedures

This  d iscuss ion  focuses  the  a t ten t ion  upon menta l  load  on  the  man

dur i .ng  the  task .

As  d iscussed thorough ly  by  Bruner  e t  a l .  ( . l  967) ,  the  menta l  p ro-

cedures  chosen by  the  man may be  s t rong ly  in f luenced by  the  cons t ra in ts
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he meets in his l imited capacity for short-term memory and inference. The

mult iple-task nature of trouble shooting may make this an important con-

straint. On a t ime-sharing basis, the man has to formulate his route for

search through the system by use of a diagram or by reasoningi he has to

locate the route in  the real -  system, to  manipulate measur ing devices,  to

establish nol:ms for his judgements from diagrams, experience, or functional

reasoning,  and he has to  keep t rack of  h is  overa l l  search.

Several indications of high cognit ive strain are found in the records.

A good example is a topographic search in a digital system performing logic

oF erat, ions when the man has to plan the route and produce reference stan-
<lards for judgements by deduction from an understanrling of the functionin6l
r:f  the circuitry. As discussed earl ier he then has to maintain simultanerously,
mental models at two different functional levels, and this is a conside;rerble
ta.sk. In this case, the procedure becomes slow and hesitat ing, and the man
seems to be very insensit ive to hints in the observations which would nor-
mally be famil iar to him.

The records give several indications that diff icult ies in one of the
sulc tasks tend to  cause s impler  procedures to  be used in  others.  This  should
be taken into careful consideration when generalizing from clear-cut labora-
tory experiments with special equipment which el iminates al l  secondary sub-
tasks .

7 .4 F ixations in Routine Search Procedures

The records indicate that the men place a great deal of confidence in
the experience showing that the general search routines wil l  ult imately lead
them to the fault.

I f  therefore a topographic  search turns out  to  be unsuccessfu l  and
fai ls to result in a local search, which occurs in more than half of the at-
ternpts ,  t i re  dec is ion preferred is  to  repeat  the search by another  parameter .
Typica l lv ,  an unsuccessfu l  search by DC-Vol tage measurements is  fo l lowed
by  an  AC-sequence  and  v i ce  ve rsa .

I f  th is  search,  too,  proves unsuccessfu l  there is  a  pronounced tend-
ency to  return to  a search per formed ear l ier .  This ,  however ,  seems to be
a repet i t ion wi th  more carefu l  judgements of  the observat ions rather  than a
more careful evaluation of the actual faulty function. This is especial ly true
if the man repeats the init ial functional search; even then there is l i t i le
tendencv to  use speci f ic  shor t -cut  methods based upon funct ional  reasoning.

I t  should be s tated that  the choice of  these methods is  not  due to  any
lack of  ab i l l tv  to  czrr ry  out  funct ional  reasoning,  but  more 1 ike1y to  the fact
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that  these methods are inherent ly  a t t ract ive as they consis t  o f  fast  sequences,

which are normally successful in the end. The behaviour may be compared to

that of most car drivers who prefer, when moving around in a big city, to drive

along famil iar main streets rather than preparing individual short-cut routes

by means of a city map.

If the general search routines in special cases ult imately turn out to

be unsuccessfu l ,  the man of ten seems to "be in  t rouble" .  When in  t rouble,

there is a tendency to rely on good ideas which admittedly seem to appear

in most cases after a break or a period of confusion, removing f ixations.

Good ideas are d i f f icu l t  to  t race.  Somet imes,  the man returns

to deviations met in a previous search, but passed over without further

considerat ion;  somet imes he expresses "a fee l ing that  someth ing is  wrong

around here " - a feel ing which has grown from sl ight indications during

ear l ier  search sequences.  In  some cases impor tant  in format ion has been

recorded severa l  t imes dur ing rout ine search wi thout  t r igger ing h is  at tent ion

unt i l  a  per iod of  confus ion sets  in .

When in trouble, there seems to be no tendency to consider i t  worth -

u'hile studying by means of manuals or diagrams the functioning of the cir-

cu i t ry  in  greater  deta i l .

During a discussion of the procedures found in the experiment, the

technicians stated that as a rule they found the general search routines

successfu l .  Apar t  f rom a "b lock-d iagram understanding"  of  the system -

which supports the functional search - i t  was not considered worth-while

studying the internal functioning of the circuitry. I f  you run into trouble,

better take a break, wait unti . l  next day, or discuss the problem with a

col league.

Asked i f  they could suggest  types of  cases for  which they would f ind

it worth-while studying the internal functioning of the system in detai l ,  the

technicians said that would be the case if  measurements of manipulatj-ons

could have ser ious consequences,  as in  l ive warn ing systems -  "when a

siren is at the end of the wiret '  or i f  the working condit ions on site are un-

p leasant ,  e .  g .  owi .ng to  bad smel ls  as in  chemical  p lants .  A test  case in

connect ion wi th  the level  contro l  system in a rad ioact ive waste tank system

resul ted in  a very " rat ional"  procedure based upon a carefu l  funct ional

evaluat ion of  the svstem response in  advance and very few measurements on

s i t e .

We a lso suggested to  the technic ians that  they use funct ional  reason-

ing rvhen in  t rouble in  the normal  repai r  shop envi ronment .  This ,  however ,
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did not cause any signif icant changes in the procedures used in the records

made thereafter. The procedures seem to be so highly trained that they are

diff icult to change by suggestion of "better procedures". When a trouble

shooting task is running, the man seems to be completely occupied by the

task,  and he does notr r remember"  the suggest ion when d i f f icu l t ies ar ise.

The test case with the waste tank system may indicate that, to change a pro-

cedure, the man has to consider the task in advance as one call ing for special

t reatment .

7.5.  Subject ive Formulat ion of  Task and Per formance Cr i ter ia

We now turn to the role of the subjective formulation of the t""k 
"n.l  

+t ' ,c

1:erformance criteria in the choice arrong the various search procedures

available to the man.. This aspect is especial ly important since the formu-

Lation of the trained repair man may be basical ly different from that of a

design engineer, who is after a1l very often responsible for preparing the

working condit i .ons for the repai.r man in the form of layouts of systems,

instructions, and operating manuals and diagrams.

Our records clearly indicate that the task is defined by the men

primari ly as a search to f ind where the fault originates in the system.

He is faced with a system which he supposes has been working prop-

erly, and he is searching for the location of the discrepancy between normal

and defect ive s tates.

He does not  see h is  task as a more genera l  problem-solv ing one in
order to understand the actual functioning of the fai led system and thus to

explain why the system has the observed faulty response.

On the other hand, the design engineer does not in his normal work

in a development laboratory think in terms of standards for normal operation,

but considers i t  his task to understand the basi.c functioning of the system and
to test  observat ions,  made dur ing h is  exper i rnent ,  against  h is  conceptual

in tent ions.

Are the procedures found in our records rational? What is rational

depends upon the performance criteria adopted by the men. Normally a
reasonable cri terion for a maintenance technician is to locate the fault as
quick ly  as poss ib le ,  and only  in  specia l  c i rcumstances h is  cr i ter ion wi l l  be
that  o f  min imiz ing the number of  measurements as d iscussed above.  From

this  point  o f  v iew,  the procedures found in  our  records are rat ional  s ince
in most  cases the fau l ts  were found wi th in  very reasonable t i rnes.

The svstem designer  wi th  h is  theoret ica l  background may qui te

natural ly vaLue as rational the "elegant" deductive procedure which is infor-
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mationally very eff icient and based upon few observations, but this cri terion

is not the appropriate one on the basis of which performances in real l i fe

maintenance work can be judged.

It is important that system designers preparing working condit ions

and involved in the training of maintenance personnel become aware of these

different possible task formulations and performance criteria and have some

knowledge of the procedures available to trained repair men.

B. CONCLUDING REMARKS

In the present paper the mental procedures used by trouble shooters

in their normal working condit ions and studied by analysis of verbalized

records are repor ted.  A major  resul t  has been that  procedures found un-

systematic in a behaviourist ic study may turn out to be rational and system-

atic in the l ight of the manrs verbalizations.

The study shows that several dif ferent mental data handling procedures

may be used by a man for the same real l i fe task, and that verbalized records

rnay be an appropriate tool for the formulation and separatlon of the pro-

cedu res .

The natr.rre of the procedures found in our records, being simple

menta l  procedures re la ted to  a sequence of  observat ions,  may be especia l ly

suited for verbalization. We have indications that great diff icult ies wil l

appear when verbalization is used to study highly trained tasks implying

paral1el processing of information by pattern recognit ion and subconscious

routines as well as tasks call ing for complex reasoning.

However ,  rap id sequences of  s imple decis ions based upon in for-

mationally redundant observations may be more c#acterist ic of human

problem solv ing than one would suspect  f rom psychologis ts f  great  in terest

in cornplex, rational problem solving.

The in terest  and co-operat ion of  the e lect ronics maintenance group

in the t rouble s l ioot ing exper iments are great ly  apprec iated,  as wel l  as the

contr ibut ion of  P.  V ider iksen of  the Inst i tu te of  Appl ied Psychology,  Di rec-

torate of  Labour ,  to  the p lanning of  the exper iment .
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APPENDIX A

Init ial Analysis of the Microstructure

The init ial analysis of the records was based upon a l ist of elementary

operations. No great effort was spent in making a conceptually consistent

l ist, but a l ist of events found to be typical of the procedures, judged from

a rev iew of  some of  the records,  was prepared.

The records were then coded as a sequence of the elementary events,

and a graphic computer print-out was made to faci l i tate a visual recognit ion

of recurrent patterns of events. An attempt to analyze the sequences by

print-outs of connectivity matrices gave only few results. Most important

was the strong indication that al l  the observed data were immediately judged

inclividually.
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Categories of elementary operations

0_ Manipr.r lat ions (except measurements)

01 Prepare, turr on or open the faulty system.

C2 Adjust the system to f i t  the model supplying norms for judgements.

03 Manipulate the system for  a  response test .

04 The system init iates manipulations, i t  offers tempting possibi l i t ies.

05 Replace a component .

0(i Test of an isolatecl component.

1 _ Staternent of the problem

I ' l  Users' complaint is mentionerd init ial ly.

12 Userst  compla int  recal led la ter  in  procedure.

2 Planning

21 A procedure is planned and formulated.

22 A procedure is  s tated d i rect ly .

23 Judgement of the current procedure.

24 Decis ion to  repeat  a measurement  or  a  procedure.

3 Model  o f  the system is  prepared

31 Memory, ' \ ,

32 Measurements ,  L

33 Diagram or Manual --

34 Memory,  I
I

3 5 N{easurements,  I
I

36 Di.agram or ManualJ

support the formulation of a "modelt '

describing the normal functioning

of the system.

support the formulation of a I 'model"

describing the actual fai led functioning

of  the system.

4 Conjectures and hypotheses are ment ioned

41 Regard ing normal  funct ion ing.
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42 Regarding actual failed functioning.

43 Regarding general type or nature of fault.

44 Location of fault in system.

5 Measurements and observations

51 Data observed. Choice init iated by system.

52 Data observed or measured. Choice init iated by "model" of system.

53 Data observed or measured. Choice init iated by p1an.

54 Data taken frorn diagram.

55 Data recalled from previous measurements.

56 Summary of measured data.

6 Topographic evaluation

61 Search in the system to f ind measuri.ng points or components.

62 Topographic evaluation of the diagram.

63 Recall  of famil iar circuitry or components to support the orientation

7 Judgements

71 Individual test of data against norm data.

72 Set  of  data,  response pat tern tested as against  r rmodel r t  o f  system.

73 Direct judgement of response pattern; recognit ion.

74 Hypotheses,  conjectures tested as against  system by measurements.

75 Hypotheses,  conjectures tested as against  I 'model t  o f  system by reasoning.

76 Visual  inspect ion of  c i rcu i t ry .

B Abstract  menta l  operat ions

B 1 Counting.

82 Algebra ic  ca lcu lat ions.

B3 Abstract  log ic  reasoning.



Situations

91 Interva ls ,  breaks.

92 Hesi ta t ion,  memory weak,

93 Hesi ta t ion,  inconsis tency,

94 Hesitat ion, what next?

95 Idea appears, information

96 Idea appears, i .nformation

97 Idea just  appears.  Eureka.

98 Confusion, cursing.

00 Special, individual events

63

model insuff ic ient.

t h a t ' s  o d d !

offered by diagram.

o f fe red  by  sys tem.

"Mode1st r  o f  sys tem cont ro l l in ocedures and ud men ts :

T: Trained routines, pattern recognit ions

E:  Exper ience

1 .  R e l a t e d

2 .  R e l a t e d

3 .  R e l a t e d

System knowledge obtained from previous cases

to general behaviour of components.

to  genera l  behaviour  of  systems and c i rcu i ts .

to behaviour of specif ic type of system.

U: Funct ional understanding

' |  
.  Fundamental  electronic knowledge.

2 .  Knowledge and unders tand ing  re la ted  to  func t ion ing  o f  spec i f i c  sys tem.

Externa l  sys tem "mode ls r r  o r  descr ip t ions

' l  
.  Diagrams, manuals.

2 .  Other  s imi la r  sys tem.

R:
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Codes in the connectivity matrix are related to the elementary operations

as fol lows:

A:  01,  05,  06,  07 Manipulat ions,  genera l

B: 02 Adjust system to model with norm data

C:  03  Response  tes t

D:  1 Usersr  compla int  ment ioned

E:  27 ,  22 Procedure ment ioned

F:  23,  24 Judgement  of  procedure

G: 3 Model  o f  the system is  prepared

H: 4 Hypothesis is mentioned

I :  5  Measurements taken

J: 6 Topographic orientation in system or diagram

K: 71+ Indivj.dual observation judged good

L: 71- Individual observation judged bad

M:  72 ,  73 ,  74 ,  75 ,  76+  Se t  o f  obse rva t i ons  j udged  good

N:  72 ,  73 ,  74 ,  75 ,  76 -  Se t  o f  obse rva t i ons  j udged  bad

O: 8 Abstract calculation

P :  91 ,  92 ,  93 ,  94 ,  98  Hes i ta t i on ,  doub t

Q :  95 ,  96 ,  97  l deas  Appear

R: Subroutine starts

S: Subroutine stops

T: T Procedure is trained routine

U:  E Procedure contro l led by genera l  exper ience

V: U Procedure control. led by functional understanding

W: R Procedure control led by diagram or manuaL
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APPENDIX B

Coding of the Records into Sequences of Subroutines

In order to have a convenient shorthand notation of the procedures, we have

used a number of graphic s5rmbols to illustrate the pattern of the individual
records. Different codes are used to identify characterist ic features of the:
individual subroutines. The graphic s5rmbols and codes used are as fol lows:

Classif ication symbols :

Functional search

Fie ld:  Ind icates how the search f ie ld  is  chosen.

Empty space indicates that the f ield - as usually - is offered

by system. Other  references should be s tated.

Pa.rameter: Indicates the reference to the parameter

used.  Reference is  on ly  s tated i f  parameter  is  not

of fered d i rect ly  by system, €.9.  external  d isp lay.

Route: Indicates information used to support the sequence in
which information is scanned. only stated if  not in the order of
the visually most signif icant.

Norm: Ind icates the source of  norm data for judgements.

Codes:  D i -da :  Data  f rom d iagrar rq  e tc .

Exp:  Genera l  exper ience

Fu: Deduct ion from understanding

Syst :  Data  f rom o ther  sys tem

Codes fo r  ex i ts :

F\rnc:

Fault:

J cg :

Reference to next activity

from function

Data describing fault

mode  used

Judgements used in

subsequent activity

FUNC.
F,el d lParan.
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Topographic search

Field: Indicates how reference to the search is obtained.

Codes :

Func: Reference from functi.on fai led

Fault: Reference from eval. of fault

I 'op: Topographic reference

Plan: Chosen from plan

Rep:  Repet i t ion of  prev.  search

Parameter :  Ind icates how the parameter  used is  chosen.

TOP
F;eldlpam^.
RouteNortn

Fx jt

Codes :

Sig:  Decis ion to  t race s i .gnal

Conv: Conveni.ent norm available

Eval: Chosen from evaluation

Rep S:  Decis ion to  repete by same par .

Rep O:  Decis ion to  repete by other  par .

Route: Indicates inforrnation used to support the route of search

Codes :

Di-to: Diagram topography

Di-da:  Diagram data

Exp:  Genera l  exper ience

FU: Planned from functional understanding

Norm: Indicates source of norm data for judgements.

C o d e s :

D i -da :  Data  f rom d iagram e tc .

Exp:  Genera l  exper ience

Fu: Deduct ion from funct ional understanding

Syst :  Other  sys tem

C o d e s  f o r  e x i t s :

Top:  Reference to  the  f ie ld  fo r  the

next act iv i ty found topographical ly

Jdg: Judgements used in subsequent act iv i ty

Fau l t :  Observa t ions  descr ib ing  fau l t ,  used Ia te r



Check measurements

Codes are the codes

Except that Route is

70

used for  topographic  search.

not  used.

CHECrc
F;cld lfhrr.

Norm

Fri tData collection

Field: Data collection is normally observations

supplementing current activity i.f not the

reference to the f ield should be stated.

Parameter: Normally offered by the system; i f  not

the reference should be stated.

Exit is only fault data

Search by evaluation of fault

The procedure and system informatj.on

used is  s tated bv the code:

Ge  Exp :

Comp Exp:

Syst  Exp:

FU-Eva1 :

Top-eval :

General electronic experience

Exp. with comp. fault mode and rate

Exp. with specif ic system

N{ental functional search

Mental topographic search

Codes for  ex i ts :

Where :

What:

How:

Hypothesis where is the fault;

where to look next

What to look for

Plan for subsequent activity

Summary, concluding iudgements

A11 subroutines can be fol lowed by a summary,

a rev iew or  concluding judgements.

Codes :

Sum:

DNTR
Fieldlfunn

Simple recapitulation



+
Fie ld :

.L

Data :

Sys tem

+
Proe :

+
Hvp -  :

J
7L

Concluding judgements

regarding the f ield, the

data or the system. Result

of judgement indicated by + or -

Jrrclgement of current procedure

Judgernent of previous hypothesis
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