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INTRODUGCTION

LITERATURE RIVIEY

Single vs., Team Inspection

Visual insPectioﬁ as a processing task is defined by
Jackson (1957) as the aided or unaided observation of details,
without measuremenf, to qétérmine the conformaﬁce and com-
pleteness of the part'orlfinished produét. Applied psycholo-
gists classify the inspection task as a nmonotonous perceptual
task; that is, a situation in which an inspector is monitor-
ing a display in search of critical‘but infrequent signals
(defec%ives). éuch tasks are numerous and 6f considerable
practical importance., | ‘ ;

The-in5pection may be a hundréd percent, part-by-part
' inSPeétiqn, or a Sampling‘scheme_may be used. VResearchers
Lhave'designed working conﬁitibns with optimum valués:of the
physical variables of iliumiﬁatibn, exposure time, visual
acuity, target complexity, contrast, rate of change of'visual
Haéglé, etc, The studies were aimed at minimizing the errors
the inspector might make and designing the conditions éo as
%o complete the task in the minimum time or least errors.

The basic idea is to impfove inspecfion'ﬁerformance through

tools and methods that overcome the inspector's limitations

and enhance his capabilities. Colguhoun (1957) and HMcKenzie
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(1958) have cnumerated the factors that can influence ingpect-
or behavior., They are summarized in Table 1.

| 7In many industrial and miiitary situations where humon
monitors cre required, it is imnortant that no simal be
overlooked.} It is well known that the averoge human observer
is a notoriously poor monitor, especially if the watch period

is prolonged and the signals are infrequent and of low in-

tensity.

i

_Exuerimental Evidence

“Schafer (1949)'was the pioneer in the field of multi-
_monitor siznal detection systenms, ﬁe suggested that on
many softs of visﬁal aﬁd éuditory displays the chances of
detecting a particular signal are significantly bevder for
several independent observers than for any single observer
alone, Schafer (1949), in fact, did collect some empirical
data in support of this view. UsingAfive observers and
- artificizl sonar signals in seven modes of presentation, he
concluded that a sgignificant iqqrease in detection probabili-
ty can be realized.by adding more observers, although little
is to be gained by addiﬁg more than two. He noted further
that the maximumlinérease in detection ordinarily cannot be
expected beezause Tluctuations in the backsground level caused

the observers to detect the same signals. He also concluded



Table 1. Variables influencing inspector behavior.

1,

3.

— 'b;

Task
a; Defect probability
- Complexity of the nature of defect
¢. Number of faults occurring simulianeously
d, Time allowed for inspection
e. Frequency of rest periods
f. Illumination
g, Time of day _
h. Opjecfivity of conformance standards
i, Inspection station layout
j. Method of inspection
Organizational and Social
‘ é{ Training
b. Peer sféndards
c. Management standards |
d. Behavior of operator or group producing the item

Individual abilities

a.'-

b.

Visual acuity

General intelligence and comprehension



that the gain in probability of detectlon of hls weak auditory

signals, wvhen conbining the responses of two or three isolated

monitors, was less than the gain predicféd by a probability
model for combining independent probabilities.

(Baker, Ro¢efware and Sipowicz (1962j¥extended Schafer's
work\to a visual ratber than an auditory dlsplay as situa-

1

tipns of visual monitoring have exten°1ve annrlcatlona.
Tﬁénty-eight trainees monitofed brief interruptions of a
continuous light source for a three hour period in indivi-
dually isolated rooms, | Individual detection probabilities
for cach subject were analyzed to determine the minimun
number of 'subjects necessary to insure the detection of
every one of the T2 ﬂlgnuls nrescnted j The minimum number
was six., The findings, however, depenaed entirely upon.the
monitbring ability of the specific subjects used. For sub-
jects 5f high individual detection probabilities, only three
were required to ensure detection of every signal, dbut with
poorlmonitors Tourteen were needed,

This study was criticized by Wiener (1963) for using

i, ‘ .
the indenendent events model in théflight of Schafer's

fiﬁdings.‘ Tiencr clrlmbd that Baker et. al‘s. study dld

not observe the actuwal nerformance qf multl—mwn teams, but
simply estimated it using individual detection probabilities
and a mathematical model, iWiener (1964) examined the per-

« . . . - ™
formance of multi-nan teams in a visual monitoring task.



Therc were four groups: onc, two, and threc-men teams, end
enother three-men teom in which the nembers monitored in
isolation but hadtheirmresponsos combined as if they were
switches in a parallel circuit. The ihspection time was
48 minutecs (4 sessions of 12 minutes each), in which 32 sig-
. nals appeared, 8 signals in cach sessioh. (ﬁs tean size in-
creased from one to two men, probability of detection signi-
ficantly increased from 787 %o 91%; The increase from two
tq three men (from 91% to 94%) was not stotistically signi-
ficant,\;Thé‘combineﬂ performance of the three monitors in
igolation wﬁs suﬁefior to the three monitors working together
(99% vs 94%),

However, Bergsum and Lehr (1962) reported relatively
low correlations of 0,11 and -0,15 vetween detection fates
Af $he isolated members of two-man simulated teans, They
conducted two ekperiments fo determine the effect of the
presence of a second monitor in the same monitoring situation
upon individual monitoring performence. Two groups of
twenty subjects each were used in both the studies. All
subjecte monitored a cif;ﬁiar light display for a period of
90 minutes without rest. Zach of the three isolation booths
were equinved with a 13 inch diameter'cirgular panel, vith
20 lamps waich illuminated in sequence, A signal was the
fﬁilufe 6f a lamp to illuminate in its normal sequence.

Experiment 1 had 24 signals/hour; Zxperiment 2 had 6 signals/



hour. The 40 subjects were randomly assigned to two groups of
20 subjects cach, The control group was individuazls working
in isolation; the experimental group was pairs of individuals
working independently in the same booth with fréedom to con-
verse about anything but the occurrence of signals., Separate
‘measurcs of the frequency of correct signal detections were
taken on zll subjects in both groups. Neither experiment
indicated an overall 1a0111uat10n or hindering of performance
resulting from peiring. ik
lorgon énd A1luisi (196%) had 24 subjects perform a

visual watchi eping over a 30 minute period, Eight subjects
worked 31ng_y'and 16 worked as pairs. The proportion of
signals detected in the‘péiredasubjeqt condition (0.91) was
significaptly greater than in the single-subject condition "
(0.74 ), but the cetimated likelihood of an individual watch-
keeper's detécting a signal was essantialiy identical in the
.twb conditions (0.69 and 0.74 for the 2 and l-man systens,
respectively). The results were igterpreted as supporting
the inference that the watchkeeping behaviors of paired sub-
jects are oﬁerationdlly "independent".. |

\Hornseth and Davis (12967) examined one and two—member
teams on three target finding tqskg.\ For task 1 they used
8* x 11 inch aerial vhotographs and their corresponding cue
~cards. The target cue card was a cui-out of a ftarget to be

found in the photograph. The stimulus material for task 2



and task 3 was generated by a digital computer, A 15 x 15
matrix of I's and T's was genérated. Then a space in the
matrix was selected by a random process, then the experimenter
cleared the spece and ﬁlaced a‘target in the space, PFor
task 2 the target was a single letter I and for +task 3 +the
" target was a 2 x 2 matrix of I's. Seventy-eight undergraduzte
students were tested (26 individually and 52 as 26 teams of
2 each), All the photographs with incorrect identifications
e

were eliminated from the analysis. iTeam performance was
significantly faster then individuwal for task 2 and dask 3
but not for task 1.\\For task 1, mean performance scores (in
seconds) for teams and Snidfvidnale respectively were 17.27
and 20.66; for tzck 2, the mean performance scores were 37.06
and 50,52; and for tacsk 3, the nean performance scores were
14.64 and 23.59, The target cue cards provided general target
location information as well as tafgct identification infor-
mation. Target locztion information proviﬂed by the térget
cue cards may have reétricted the seaich area to such an ex-
tent that the task could bé accomplished more effectively by
a single individual.

1Waag (1972) investigzted two varizbles; 1) team size,
and 2) the decision rule employed in defining the require-
menfs of a teanm reSponse.}

y _
Team size varied from two to four members. The decision

rule was varied from "parallel" (a response by any one or



more members producing 2 team response) to "series" (a team
response occurred only if all_meﬁbers responded). In the paral-
lel mode, the detection rates were .86, .94 and .97 for teams
of two, three and four members resvectively, Iﬁ the series
mode, the:&etectionrratesiwere .43; .28 and .21 for teams of
two; three and four members respectively. i“Pzrqllel" teams
maiimized correct d?tections while "geries" teams eliminated
”all falve al rms.\ %b* each decision rule, detection rate in-
creased 2s a function of team 3129\\ For each team size, de-
tection rate deteriorated as the decision rule required more
-members %0 respond correcitly. |

Schlegel, Boardman and Purswell (1973) compared 2 single
1n5pector system with a two -1nsnector system on 2 45-minute
task, The two 1nsnector system consisted of two inspectors
in series, each of whom examined all the targets., Only three
subjects were used, Inspection effectiveness was measured in
teras of the number of defective targets accepted and the
number of good targets rejected. The targets were black
TLandolt rings (defective) and ciésed circles (good) on a gre;
background. The probabilities of committing a Type II error
~were O, 09, 0.16 and 0.10 for individual ins nnctor° compared
1o 0.0, 0.0 and 0,03 for the two—lngpector combinations.
Both systems showed a decrement in performance with time, but

the two-inspector system showed a much smaller change compared



with the single-inspector system.

Horrissette et. zl. (1975) studied the team organization
and monitoring performance of one and two-man teams using
division of labor and redundancy to detect randomly presented
signals on one of four milk-glzss display windows. Twehty
subjecté were tested as individuals and 40 were tested in
pairs. The four groups were 1) individuals, manning four
displays each, 2) individuals, menning two displays each, 3)
2-man team in redundancy, each manniﬁg four displays, 4)
2;man'team vith division of labor, each manning two displays.

Bight signals occured during each of -four lZ-minute

work periods (2 signals on each Gisplay). Critical signals

']

were reneated until the subject responded, or until 5 seconds

The time scores for 2-man tean-redundancy were obtained

by selecting the fastest of the two responses made by the
two tesm members to sach critical signal, Using this tine

(resnonse times), team performance was superior to individuel
The meen resvonse times by individuale was 1,22
seconds; for teams, 0.88 second. The mean detection time
scoreé for the two team conditions (0.88 second for both
redundancy anc di?ision of labor) were not significantly
different.

Tion e%. al. (1975) studied the visuzl arrangement of

materizl and of working singly or in pairs, uvon verformance
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at simulated industrial in8pection.ﬁ They used three different
types of conveyér belts: 1) one 1iné, one inspector, 2) three-
line, at 1/3 speed, one inspector, and 3) six-line at 1/3
speed, two inspectors. Three 12 minute test seésions (one
test session at each conveyor) were administered on 96 sub-
jects to inspect plastic discs forrsurface flaws.

The subjects working together had a gignificantly higher
probability of detection‘(.975) than when working alone (.973).
Performance on the three machines differed highly significantly
(p < .001), with probability of detection of .969 on the sin-
glg belf, .973 on the 3-line belt and .975 on the 6-line belt.

For Type II errors (perfect discs rejected), performance
on the three machines also differed highly significantly
(p < .001), with 2% errors on the single line belt, 1.8% on
the 3-line belt and 1.1% on the 6-line belt.
chFarling and Heinstra‘(1975) examined motivational
differences between self-paced and machine-paced inspection
tasks, and measured subject perceptions of inspection tasks;j
Twenty women subjects in both sgelf-paced and machine-paced
conditions inspected 225 slides of simulated printed circuits.
In the machine-paced task each circuit was displayed for 8

seconds, during which the subject visually inspected the
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circuit and determined whether it was acceptable or defecfive.
At the end of 8 seconds the circuit disaﬁpeared from the
subject's view and in the following six secénds the next cir-
cuit was avtomatically advénced and readied for inspection.
Thig éycle was repeated for all 225 circuits.

In the self-paced condition, circuit presentation rate
vas inspector confrolled. They were asked (but not required)
to atfempf to inépect all 225 circuits within the same time
frame as in the machine-paced conditioﬁ (52.5 minutes). The
‘ self—pacédrsubjecté performed better, on'both‘criteria; defects
detected and the good circuits abcepﬁed (95;3% vs. 99.2% and
98.0% vs. 99.?%). Béth groups reported the task as basically
dull énd-uninfereéting. | |

~ Conclugions from Experimental Evidence

;ndividual perfofmance iﬁ a visual signal detection task
has been shown to reflect reliablg scanning strategies or
processing rules which are similar for different subjects. The
existance of such stable data on 2 particular task for indi-
vidual performance provides a basis for predicfion of group per-
formance under different models of behavior. {Group performance
is vetter than individual performance under mSSt conditions on
most tasks;\,However, models of group pefformance offen have
predicted bétter performance than that.actually attained by real

groupé. A characteristic of the cited research is the apparent



lack of concern for commigsive errors or false alarms. It is
not difficult to imagine systems in which a false alarm may be
just ag important as the correct detection of a signal, e.g.

fire alarms and seismic equipments,

Inspnection Job Desim

iAn industrial ihSpector's t&pical job is to divide a batch
of product into accentable items and re jectable items, where
'acceptable' and 'rejectable' are defined in terms of standards
agreed between the menufacturer and the customer.}

iResearchers in the field of signal detection have shovn
that performance improves when a number of inspectors were
used. )

Team construction can be approached in one of two ways.
Pirst, o team can be designed to consist of 'n' individuals
operating in arrangements in which they are free {o communi-
cate with one another. This is perhaps the most widely used
approach to team confizuration. An alternative approach makes
use of 'n* individuals, each performing the same task inde-
pendently of one another. In most cases, the individual mem-
bers are isolated in order to prevent commumication. Teams
formed in this monner are sometimes referred to as simulated
teams., Regardless of which approach is used, team performance
is based on some combinafion of the responscs of the individual

members, The procedures for zrriving at a team response from
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the individuzl member responses is referrcd to zs the "decision

“rule", : S
iStatistically, the vprobability of detection of a signal

by at least onec inspéector of the 'n' indenendent inspectors,

is given by _

n
. P, = 1 —i___I_}_ (1 - Pi) (1)

where Py = the probability of detection of the ith inspector.

Thus'if‘Pi of each of 10 indenencent insmectors is equal to

0.5, By = 0.999." The specification of the inspector is general;
it may be a2 man, 2 machine, or a man—ﬁachine combination,

A combinatién of inspéctors may onerate under a variecty
of decision rules. The rule wnderlying Equation (1) may be
termed 2 (n,n) decision rule in that every inspector must re-
spond “noisignal”. (A "parallel" system in vhich the "current®
can flow through any path.)  Sgquation (1) avnlies to the in-
crease in both the correct acceptance rate and the incorrect
acceptance rate,

At the opposite extreme, the decision rule underlying
Bguation (2) may be termed a (y,y) rule in that every inspect-
or tust respond “yes, a sisgnal has been received" for the
combinztion of inspectors to respond 9signd1“. Othervicse,
the combination of inspectors responds "no signal". (A "serics"
system in which "current" flow is prevented by any circuit

break.) Eouation (2) also applics to the decrease in both
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the correct acceptance rate and the incorrect acceptance rate,

P,o= II Py (2)
7 i=1
1Speed of worklng or tlme to complete the inspection task

\

 has been cons1dered to be of lesser importance in situations
where group inspection is thought to be a possible solution
to the problem of high inspection reliability}k This is be-
cause, from an economic ﬁoint of view, the gaiﬁ by saving on
time mlght be more than offset by the expense of a defect not
.belng detected

\The inspection task may be paced, unpaced or self-paced.

In this study sufflclent tlme was given to the suhaects for

—

completion of the machine-paced task, | McCormick (1964) says,

The rate of presentation should be within
- - acceptable bounds as far as human performance is
concerned., Further, where spacing of the signals
. to be presented can be controlled, one should avoid
short{ intervals, the bunching of signals and short
intervals between signals following previous re-
sponses, VWhere feasible, it seems desirable to
pernit the 1nd1V1dua1 to control the rate of signal
input. .
Table 2 summarlzes the 11terature.

Signal Detection Theory

Signal detection theory not only provides a theoretical
framework for the insPection task, but identifies performance
paraméfers that may be more suitable for task evaluation than
those previously used. Originally, Wald's theory of statisti-

cal decision (1950) was translated into a theory of signal
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detection, with applications in the field of radar design.
Considerable success has been achieved in recent ycars by
treating the husan operator as a signal detection system, as
if he were making a statistical decisions of whether a 'signal!
is present or whether 'noisec! alone’islpresent. Swets (1961)
shows how sﬁch a freaﬁment is-an‘aécurate description of
humanlperformance in a variety of experimental éignal detec-
tion tasks, B o
Signel detection theory considers detection performance

as a judgment process in which observations afe made of
events occurring in a fixed intervél of time. The events are
classified by the observer either as signals (observation
events composed of signal plus any extraneous noise) or as
nonsignals (observation events composed entirely of extraneous
-_ noise) devpending on é criterion which‘the observer ad?pts.r The
term "observation" refers to the -sensory data on which the
observer bases his decision, and it is assumed that any oﬁn
gservation may arise with specific pfobabilitieé either from
noise or from signal plus noise, |

; An additional assumption,often made in signal detection
theory‘applications and one thaf_was used in this thesis, is
“that the obsérvation probability density functions are normal
With.equal variaﬁce. Signal detection theory also assumes
the observer's observation is converted through a psychological

mechanism to a value on a continum of likelihood ratio for
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purposes of comporison against the decision criterion point.
Signal détcction theorj has been formulated to‘explain
the phenomenon of signal detection under vigilance conditions.
Basically the human overator in a2n inspection tascik performs
two onerations: firstv, the dcteétion of defects =2nd second,
the clagsification of the defectives according to the severity
of the defects. Since the bzsic tzsk demanded by the in-
spection nrocess is detection of cdefectis, it seenms logicﬁl
to approach the question of human reliability in this type
of work by considering the efficiency of the human operator
as a detector of small deviations from the product specifica-
tionsg, called signals in his working environment. The ability
of human beings to make Jjudgoements regarding perceived varia-
tions in the nature of these signals also is of interest.
The use of detectability'indcves from signal detection
theory (Green and Swets, 19658) as measures of performance
has the advantags of separating sensitivity from response
bias and 2llowing prediction of group sensitivity under various
assunptions, such as that of independent ovservations by
members of the grouv. Two models in particular are relevant
to the way ih which individuals might combine obscrvations
to make a groun decision in a signal-detection task. Behavior
under each model could be congidered the behavior of a
pseudogroun (since each uses individual rather then groun

performance), and could provide a basis for suggesting the
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mechanisms used by a real group in such a task,

One model is an integrafion model (Green and Swets, 1966)
vhich assumes that the information available to individuals
is used in an optimal combination to provide information for
a group decision. Individual measures of sensitivity (&')
can be combined to yield a predicted value (dn') for a group
decision assuming that individual observations are independent
events, The second model is a deéision-threshold nodel, which
also assumés independence of individual observations, but
which assumes that the decisions reached by individuals are
combined in 2 logical fashion to reach a group decision.

Signal detection theory is discussed in Appendix 1.

Smith (1972) nas shovm the tasks of signal detection and
. of inspection to be =analogous. In placing the "fundamental
detection problem"” within the context of industrial inspec-
*ion, it is important to recall that the SDT observer simply
reports whether'or not the sensory excitation which he re-
ceives would lead him to prefcr one decision over the other.
Viewed in this light, the corresponding "fundamenfallinspection
problem" would require that the.inspectof report whether or
ndﬁ the perceptudl information obtained in his inspection
would lecad him to accepf or reject the given item, This
analogy between the fundamental detection ﬁroblem and the
inspection problem served as the basis for his research as

well as for other studies reported., Smith first identified
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the parameters associatéd with the fundamental detection pro-
blem, Then he identified the corresponding analogous para-
meters of the 1n5pect10ﬁ—proceﬁs. Conditions of.noise.(signal_
backvround) and 31gnal plus noise correspond to conditions
J;of acceptable and defeptlve product. A hi%, miss and false
élafm correspond to a correct deteétion of a defect, Type I
decision error and Type Ildecision error. Using the para-
meter d' as a measure of 51gnal detecﬁablllty has intuitive
appeal in the context of_lndustrlal lnspectlon. The - more
nearly the d6f60t1V€ product resembles the acceptable product,

‘the weaker the 51gnal strenﬂth, and the smallQr the theoreti-
cal value of d' |

\ A decrease in d' necessarily results in an increase in

the total probability of incorrect Sepiainnie, The concept
: 6f:é'ﬁo§able'deciSion criterion point.provides another area
of correspondence between.thé SD? ahd inspection;' It is a
matterrof common experience in‘industry that a simple word
- from a supervisor or product-engineer can result in a shift
in the prOportioﬂ of product passing inspection, yith no
change in the manufacturing prbcess or variation in the in-
i coming lot fraction defective. This change in performance is
1hypothesiéed to result from a shift in the inspector's de-
eision criterion.

Smith (1972) further says that the analog between SDT

and industrizl inspection appears strong, with one notable
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exception, A potentially serious divergencerrests in the
definition of signal detection as a decision made during a
fiked interval of time, INMost individual inspection fasks are
operator paced and hence this constraint is violated. The
effect of self-pacing on the estimated value of d' could be
substantial.l Wﬁen operating at conditions above threshold
(most industrial inspection operations);operators can improve
their accuracy if they sacrifice sPeed. Hence, a difficult
detection problem, which would normally yield a small ﬁalue
of estimated d', could produce a'fairly high estimated value
“if the observer simply slowed dovm and reduced'his‘error rate,
Drury and Sheehan (1969) studied the ergonomic and econo-
mic factors in an industrial inspection task:conducted in a
factory which specializes in the manufacture of small pre-
cision metal parts (hooks). Six eﬁ?erienced inspectors be-
tween 30 to 62 yeafs were their subjects. ' The subjebt‘s
visual‘aéuities'rdnged from 0.67 to l.541iiin_l. The performance of
these inépectors were asseséed by having them inspect batches
of 250 hooks, of which 200 were good and 50 defective, Twelve
different batches were used, six having one type of defect
ronly, five having 25 of each of two defects, and one having no
defect 2t all., Four different levels of illumination were
used (180, 90, and 65 f.c. and the fourth level was of the

inspectors choice). There was a significant difference
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between the inspectors (p <.0l) and no significant differences
between illumination levels or defect types., From the study

it zppeared that an inspector, discovering a defect early in

L)

‘the taslk, expected a run of these and detected necarly 2ll of
themn, However, when the defect is undetected carly in the
task, all subseqguent similar defects were undetected., The
studies showed that, if_the inspectors were acquainted with
the type of defects {o expect, the percentage.of rejects they
missed dropped from 18.5 to 7.5.

Sheehan and Drury (1971) re-studied this experiment in
the light of éignal detection theory, solthe advantages and
drawbacks of the SDT were brought forward. The major advan-
tage of gnalyesis by SDT was that it gave two nmeasures, the
detectability d' and the criterionjﬁ, which were more useful
then either of the probabilities from which they were cal-
culated, Detectability was found to be an unbiased measure
of the difficulty of the inspection task to the inspector.
The criterion measures the conmbined effect of the various
pressurcs on the inspector. Receiving nrior information
about which faults a batch would contain improved the detecta-
bility of the faults and reduced Type I and Tyve II errors
simultaneously. |

The main.dravbacks of the SDT analysis was that it did
not exolain the tendency of detecting 21l defecets when an

observer finds an error in the earlier part of the insncction.
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From the previous researches cited, it can be concluded
that quite 2 number of gtudics investigated relationsﬁips
between detcction performance, team size and decision rules
Tor signel detection or vigilance fasks. But virtually no
study was undertaken to investigate the effect of combining
inspectors on deteciion performnance in an inspeciion task,
Sone of the researchers tried'to study inspection task per-
formance in the light of signzl detection'theory, but their
investigations were resiricted to one individual inspector,
rather than to a groﬁp of inspectors. One aspect of inspec-
tion thaﬁ has received little research attention is the nature
of inspection task itself,

Theupresent investigation examined inspection performance
between four inspecition situztions with two simulated defects

in each item and two insnectors in each team.
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PROBLIII

This study compared inspection efficiencies for two
methods of inspection. Two types of team orgznization were
considered:

1) The division of labor orgenization where the items to be
inspected were divided amoné the members of the tecam (i.e.
Jane inspects items 1 through 10, Paula inspects items 11 to
20).

2) The redundancy organization where all items were inspected
by each team member (i.e. Jane insvects items 1 to 20 and
Paula inspects items 1 to 20.) What one team-member misses,
the other team-member may detect., Hence the individual team-
member's work-load will be greater under the redundancy de-

sign, if vrecentation speed is constant.



METHOD
TASK

Three random numbers, generated through a éomputer, with
10 digits each were typed on paver. This message'was.then
reproduced onto a transparent plastic sheét. The sheet then
was cut into 1-3/4 x 1-3/4 inches and placedina 2 x 2 inch
slide frame., The window of the sglide was 1-5/16 x 7/8 inches
as shovn in Figure 1, ‘

Occurrence of the digit '6* on the slide was designated
as defect 1; occurrence of any two identical consccutive digits
was designated as defect 2, Absence of these two conditions
was considered as no defect, | |

A model of visual inspection task (Drury, 1974) suits
this task and is reproduced in Figure 2. - .

"The numbers were typed with .a type size of 12 letters
to an inch. One hundred and sixty such slidés were used for
the experiment. A white cardboard with a reflectance factor
of 0,7 was used as the écreeh, The typed numbers have a
reflectance factor on the screen of 0.1, Thus the task has
a brightness contrast of (.7'— vk ) ST = 0,885,

The projector was placed 100 inches from the screen; this
magnified the'digits 24 times. Thus ea§h projected digit was
2.4 inches in height and 2 inches in width, and each number

series was 20 inches long. BFach digit therefore subtended
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1593258923
5810786743
2457937803

defect # 1

(presence of digit 6)

5453895754

9182814152
4710431742

no defect

Figure 1

2509505280
8094528452
3129759770

defect # 2
(presence of consecutive

identical diglts in a row)

Example of defectlve and non-defectlve slides.



ITEM
PHYSICAL
FACTORS
; PERSONNEL
INSPECTOR [~ | _ FACTORS
ik\‘\\\ ORGANIZATIONAL
FACTORS
t
FIXATE
SMALL AREA
FLAW NO
IS NO
FLAW :
TIME
IS FLAW
USED
REJECTABLE -
UP? YES
NO .
YES
REJECT ACCEPT
ITEM ITEM

Figure 2

Model of visual Inspection task.
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0 = tan™t (2.4/190): 82.5 minutes of arc. The ambient noise
~ from the projectors was 67-70 dbA.

Ten.perceﬁt of the slides had cdefect 1 and another ten
percent had defect 2. The 480 numbers used are listed in
Appendix 6. The subjects were not informed of the percentages
of defects. Two slide projectors with time settings of 9 and
10 seconds were used. All situations were machine-paced.
Another 20 similar slides were used for a practice scssion
for each subject. ‘The subjects were given the results of this
practice séssion to ensure thaf'fhéy had understood the task
thrqughly. Bﬁﬁh subjects in the team were seated in the I,E.
| Léb. Ls They recorded on a2 score sheet (Appendix 3) the type
of defect on each slide 1nunecued -

A Work Factor analysis (Quick, Duncan, and Halcoln, 1962)
was made for the task, Table 3 shows there are 0.1 Work-
Pactors per digit for the message with defect 1, 0.2 Work-
Factors per digit for message with defeect 2, and 0.0 Work-
Factors per digit for a no-error message. -Téble 4 shows the
Work-Factor timé for the 'Action Read' is 267 Work-Factor
time units when there is no error. Table 5, 6 and 7 show the
total Work-Factor time units for the task of inspecting one
slide with each type of meséage, while Table 8 shows the
overall total Work-Pactor time units for an overall task of

'inspecting one slide'.
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Table 3., Determination of information content of an zction
Read Span for each type of message.

Example of defeect 71

Reading Material 3851423513 1002138903 2365304818 Total

Read Segnent N T 1 1 3
Digit Groups 1 2 5 3
Digits 10 10 10 30
Information units - " 1 1
“Progran Uork Factors - - 3 , 3
-"Hork—l?actors per Digit : 3/30 = 0.1

. Example of defect #2

Reading liaterial 0142385095 1745425987 8897139341 Total

Read Segments 1 1 ,‘ 1 3
Digit Groups 1 P A 1 3
Digits 10 10 10 30
Information units - - 2 2
Progranm ork Factors - - 3 6
Work-Factors per Digit 6/30 = 0.2

xample of no defect

Reading licterizl 2120278023 1802809035 1708797975 Total

Read Segments 'L 1 1 3
Digit Groups 1 1 L 3
Digits 10 10 10 30
Information units - - - -
Progron Viork Factors - - = -

Work-Factors ver Digit 0/30 = 0.0




Table 4. Work

Pactor analysis of the Read operation.

29,

Description Number Infor-

HoriK- Work-

?ercentage Total

of mation Factors Factor Occurrence Work-
Letters Units  Pactors Per - Time X Factor
g1 s . ‘Digit  Units Time
Inits
Action Read
message of , '
-defect #1 30 1 0.1 187
‘ - Clasg 214 -
Read Segment . } P
-Add-on F-3 80
Total (mes- N - |
‘sage 1) 267 10 26,7
Action Read
message of
defect # 30 1 0.2
. Class 21A 187
Read Segment
_Add-on F-3 80
Total
(message 2) 2617 10 26,7
Action Read
message of
no defect 30 0 0.0
: Class 21 0
Read Segﬁenﬁ
Add-on P-3 80
Total
(message 3) 80 80 64.0
117.4

TOTAL
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Table 5., Totrl York-Factor time anzlysis for the task
"Insvect slide with no defect".

Descrintion Analyei rli:-Factor Refercnce tables

- time units in Cuick, Duncan

' : & lMalcolm
Eye Focus Poli2 55.0 13.1
Eye Shifi ES10 - 13.1
Inspect intervals I3Bg 16.0 13.6
Action Read 80.0 Table 4 this study
Identify IdB3 24,0 3362
React to one '
24,0 13,2

of 3 sisnals DeB3

TOTAL

199-0




fable 6, Total Work-Factor time anclysis for the task
"Inspect slide with defect 71V,

Descrintion Analysis Vork-Factor Reference tables
time units in Quick, Duncan
& Talcolm

Eye TFocus FoHZ 55,0 13.1

Eye Shift ES10 w 13.1

Inspect inter- |

Action Read = 267.0 Table 4 this study
Identify IdB3 24,0 13.2

Rezact to one o . :
of .3 sipgnels DeB3 24,0 13.2

TOTAL 386.0

31.



Table 7. Total Work-Factor time analysis for the task
"Insgpect slide with defect #2",

Description . Analysis ‘ork-Factor Refercnce. tables in
time uvnits Quick, Duncon &
- Malcolm,
Eye Focus ' | ToH2 © 55.0 133
 Eye Shift ES10 = - 13.1
Inspect inter- :
~ vals - I.B - 16,0 13+6
e e e
Action Read | . 267.0 Table 4 this study
Identify IdB3 24,0 13.2

- React to one

of 3 signals DeB3 24,0 13.2

TOTAL - 386.0

32,



Table 8, Total Work-Factor time analysis for the task
' .+ -"Inspect one slide for defect".

i
| i

Description Analysis ‘ork-Factor Reference tables in
time units Quick, Duncan &
Ifalcolm

Eye Focus - FoH2 d 5540 13.1
Eye Shift ES10 —_ 13.1
Inspect inter-

vals LB 16,0 13.6

"

"Action Read 117.4 Table 4 this study
Identify . IdB3 24.0 - 132
React to one :

qu 3 signals | DeB3 24,0 1.3 2

 POTAL | 172,44
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SUBJLCTHS

Twelve teams of 2 students in each team served as subjects.
The students were Américan femzles from frechman Home Economics'
classes, Each condition took 800 seconds; thus the entire
experimental run of 4 conditions took 53.4 minutes plus time to
change between conditions. A 5> minute break after each con-

"dition was given. Each subject was paid $3., Thus a subject

budget of 3?2 served the experiment.
PROCEDURE
CONDITION 1

'Both éubjects were seated in the I.E, Lab I facing each
other., The entire lot of 160 slides was divided into two  sub-
~lots; 1-80 and 81-160. Each'team member inspected 80 slides
at a speed of 1 slide per 10 secénds. Eachlsubject inspected
for both types of defects in their respective lots. Two slide
‘projectors were used, The experimental layout is shown in

Figure 3.
CONDITION 2

The subjects were scated in the I.E., Leb I facing each
other. Zach subject inspected 80 slides for defect #1 (subject
1 on slides 1 through 80, subjecct 2 on slides 81 through 160).

Then they inspected the same lot for defect #2. Time for each
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H|

& A
'@Vﬁ"
1l slide per 10 seconds

OO0 00000 —yo- 50 e

subject 1

Task: Inspect for defect 1 and defect 2 in slides numbered
1 through 80.

= 1 slide per 10 seconds

OOO O OOO ;':T=8051ides

D+
subject 2

Pask: Insvect for defect 1 and defect 2 in slides numbered
81 through 160,

Figure 3  Experimental layout for condition 1.
Both subjects seated in the I,E, Lab. I facing

each other., Two slide projectors were used.

35.
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insgpection was 5 seconds per slide for each defect. Two
slide projectors were used. The experimental layout is showvm

in Figure 4.
GONDITION 3

The subjects were secated in the I.E. Lab. I. in the same
rov, beside each other, both facing the same screen. Each
subject looked for one défect; on slides 1-80 subject 1 looked
for defect 1 and subject 2 looked for defect 2. After 80
slides the task of bothlfhe éubjects wasrreversed to counter-
balance the situation.7 For slides 81-160 subject 1 inspected
for defect 2 and subject 2 insPQétéd for defecéil.j-Each slide
was projected for 5 sééonds. Oniy one glide projector was
used., The experimental layout is shovm in Figure 5.

\

CONDITION 4

Both subjects were seated in the I.B. Lab, I facing
each other, _Eacﬁ subject looked for both the defects. Sub-
- Jeet 2 could detect the. error that subjec? 3. missed. In stage
1, subject 1 examined slidec 1 through 80 for defects 1 and 2,
while ot the same time subject 2 examined slides 81 through
160 fof defects 1L and 2. Thé& noted the defective slides on
a scorce sheet. Iﬁ stage 2, subject 1 inspected the lot 81

throush 160; similarly subject 2 inspected the lot 1 through

80. The entire cumulative inspection task was treated as the
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=
SY-2
N\
C OO O O pank OO0 0O OO pany
(A '
R
O e
v = 1 slide per 5 seconds = 1 slide per 5 seconds
N = 80 slides N = 80 slides
subject 1 subject 1

Task: Inspect slides 1 through 80 for defect 1; then inspect
the same slides for defect 2.

G

&%
O OO OO |pank OOOOOWM
' ' 6@14\5
%&

S

v = 1 slide per 5 seconds 1 slide per 5 seconds
N = 80 slides = 80 slides
subject 2 subject 2

Task: Inspect slides 81 through 160 for defect 1; then in-
: spect the same slides for defect 2.

Pigure 4., Experimental layout for condition 2,
Both subjects seated in the I.E. Lab, I facing

each other. Two slide projectors were used.
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stage 1

v=1l slide per 5

OOOOOOOOOO‘—“"‘ seconds

N=80 slides
d“‘ ‘i\ A "
Qiagiy | ((G§§?

subject 1 subject 2
Task: Inspect slides Tasgk: Inspect slides
1 to 80 for 1 to 80 for
defeet X K - defect 2
stage 2

v=l slide per 5

OOOOOOOOOO_.__.,._ seconds

N= 80 slides
ml 1) b
&> 2

.@@-
subject 1 subject 2
Task: Inspect slides  Task: Inspect slides
81 to 160 for 81 to 160 for

defect 2 ~defect 1

Figure 5 Experimental layout for Condition 3.
Both subjects seated in the I.E, Lab. I. beside

each other. One glide projector was used.



team performance., Each slide was prbjected for 5 seconds,
Two slide projectors were used. The performance of the team
was analyzed: 1) in an integration mode; 2) in a series mode
(where all members are reguired to detect a deféct) and 3)
in a parallel mode (where only one member is required to de-—
tect a defect). The experimental 1ayouf is shown in PFigure
6. |

Table 9 summarizes the conditions.

All four conditions were randomized so as to balance
the effect of learning and fatigue. Table 10 shows the se-
cuence in which the conditions were présented to the subjects
 Four teams (numbers 1, 2, 9, and 11) were run in the morning,
four (numbers 3, 4, 7 and 8) in the afternoon and four (ﬁum-

bers 5, 6, 10 and 12) in the evening.

39
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stage 1
AP

Y2

A\
ooooo}(ooo—-_e—;

A
@

subject 1 subject 2

1 slide per 5 second
80 slides

i|

Task: Inspect slides Task: Inspect slides
1 to 80 for 1 to 80 for
defect 1 and 2 ! defect 1 and 2

stage 2 g
Y-
N
v = 1 slide per 5

ORONON® ()} {'CD OO0 — second

N = 80 slides
‘fhiih

)

o
(®_t
subject 2 subject 1
Task: Inspect slides Task: Inspect slides
81 to 160 for 81 to 160 for
defect 1 and 2 defect 1 and 2

Figure 6 Experimental layout for Condition 4.
Both subjects seated in I.Z, Lab,I facing each

other. Two slide projectors were used.



Table 9.

Task brealkdovm.

four conditions.

41,

Total time is 800 seconds in all

Condition Subject Stage Pace Serial No. Task Taslk
' (slide/sec) of Slides  (Insyects (typo
' for defect
""" nos. )
9 1 1/10 1 to 80 1& 2 Divi-
1 ' ‘ sion
2 1 1/10 81 to 160 1 &2 of
vrop Labor
1 1 1/5 1 %o 80 1 Divi-
_ sion
1 2 1/5 1 to .80 2 of -
2 Labor
2 i 1/5 81 to 160 h 8
2 2 1/5 81 to 160 2
- 1 1/5 1 to 80 1 Divi-
' sion
1 2 -1/5 81 to 160 2 of
3 . Labor
2 1 1/5 1 to 80 2
2 2 1/5 81 to 160 1
1 1 1/5 1 to 80 1 & 2 Re-
: dun-—
1 2 1/5 8L to 160 1 &2 dancy
4 ' ' '
2 1 1/5 81 to 160 1 &2
2 2 1/5 1 to 80 1 & 2




Table 10, ‘Experimental design of randomized cequences.,

TEALS, ., SEQUENCE
1 '. c1 c2 ¢3 ¢4
2 e ca o4 ¢3
3 e, o2 o1 .
4 B} o1 ce
5@ @ w e
R e a o B
T L ©3 2
8 c1 c4 @ e
: 9 03: . " . c4 " c2
ERTI Cll c3 c2 o4
‘u @ e o ©3
12 c2 o4 o3 o
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RESULTS

The four conditions were compared to determine which was
the best. For the purpose of analysis  the detcction effi-
ciency of the inspector was calculated as (Juran, 1974):

A= -4 -k

d -k +Db
where;
A = detection efficiency
d = defects reported by the inspector
k = number of good unite rejebted by the inspector
d - k = true defects found by the ihsPector

b = defects missed by the inspedtor‘

d& - k + b = true defects originally in the process

Sveed of working vs. Work Factor Time Standards

Sufficient time wﬁs given in each condition in this
thesis. From Tables 5, 6 and 7 we can see that inspection.’
of slides with no defect, defect 1, and defect 2 need 199, 386
and 386 Work Factor Time Units respectively. ThesercorreSpond
to 1.19, 2.32 and 2.32 seconds respectively. In condition 1,
vhere each subject was rcouired to ihspect for both defect 1
and defect 2, they were allotted 10 seconds, whereas the maxi-

mum time necded was 2,32 seconds, In the extra time available,
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they could review the slide again of relax and be ready for the
next slide.

In conditions 2 and 3 (each subject was looking for only
one defeet a2t a time), they were allotted S secbnds, whereas
the maximum time required was 2.32 seconds. |

In condition 4 (each sﬁbjecf was required to inspect for
both defects), they were allotted 5 seconds, while the maximum
time needed was 2.32 seconds. | |

All.the subjects were instructed that defect 1 and defect
2 would‘not'appear simultaneously on any slide, and if any
defectroccurred on a slide, they were not required to insnect
on that slide any further. Thus the maximum time required for
inspection of any slide was. 2.32 seconds - if the Work Féctor

times are correct.

Analysis of Tyve I error

The efficiency scores 'A' were tabulated as shown in
Tables 11 =nd 12, for defect 1 and defect 2 respectively. Team
efficiencies, compﬁted by‘taking the mean performance of its
members for all four conditions‘gﬁ both defects respectively,

. are presented in Tables 13 and 14.

The means for each condition were tested for signifi-

cance by 1) Sign test (non-parametric), 2) Wilcoxon sipgned-

rank test (non-parametric), and 3) Duncan's multiple range



Table 11, Insncction efficiencies for detection of defect 1.

DEFSCT 1

SUBJZCT

0.0809

TEAN ol o a3 c4
1 0.2500 0.8750 1.0000 0.8750 -
2 1,0000 1.0000 1.0000 1.0000
> 3 0.8750 0.8750 1.0000 0.8125
: 4 0.8750 1.0000 1.0000 0,937%
3 5  0,8750 1,0000 1.0000 : 0.8750
- 6 © 1,0000 1.0000 1.0000 0.9375 -
A - 1.0000 1.0000 0.7500 0,5625
: 8 0.8750 0.8750 0.8750 0.7500
5 9  0.8750 1.0000 0.8750 0.8750
, 10  0.7500 1.0000 11,0000 0.7500 -
6. .11 0.6250 0.7500 1.0000 0,6250
sl 12 1.0000 1,0000 1,0000 0.8750
R 13 0.3750 0.8750 0.8750 0.6875
: 14 . 1.0000 11,0000 1,0000 0,7500 -
g sils 0.7500 _0.8750 0.7500 0.8750
f 16  0.8750 1.0000 0.8750 0,8750
9 17  0,8750 1,0000 . 1,0000 0,8125
: 18.  0.6250 1.0000 0,8750 0.5625
. 19 1.0000 1.0000- 1.0000 0.6250
. 20 -- 1,0000 11,0000 1.0000 0,8125 -
11 21 1.0000 1.0000 0.8750 0.7500
[ 22  1,0000 1,0000 0.8750 0.6875
':12 9y 1. 0000 ‘1.oooo' 1,0000 11,0000
‘o L 24 0.6250 . 0,7500 0.8750  0.3750
| © Mean- = 0.8385 0,9531 ‘'0.9375 0.7786
' STD. DEVIATION 0,288 10,0825 0.1520
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Table 12, Inspection efficiencies for detection of defect 2.

. DEFZCT 2

TEAM  SUBJECT ¢l c2 c3 c4
1 ! 1,0000 1,0000 1.0000 1,0000
2 0.8750 1.0000 1,0000 0,9375
5 3 1.0000 0.7500 0.7500 0.6250
| 4 1.0000 1,0000 1,0000 1.0000
3 5 0.7500 1.0000 1.0000 1.0000
6 1.0000 1,0000 1.0000 1.0000
A 7 0.8750 1.0000 1.0000 0,8125
'8 1.0000 0,8750 0.6250 0.8750
5 9 0.8750 0.8750 0.8750 0.7500
10 0.8750 1.0000 0.8750 0.8750
6 11 1,0000 11,0000 0.8750 0.6875
12 1,0000 1.0000 1,0000 0,8750
7 13 0.7500 0.7500 0.8750 0.6875
14 1.0000 0,8750 0.8750 0.8125
8 15 0.7500 11,0000 1.0000 0,9375
16 1,0000 0.8750 0.8750 0.8750
g 17 1.0000 0.8750 1,0000 0.9375
: 18 0.7500 0.7500 1.0000 0.7500
10 19 0.8750 0,.7500 1.0000 0.7500
20 1.0000 1.0000 0.8750 0.8750
11 21 1.0000 1.0000 1.0000  0.7500
20 0.8750 1.0000 0.8750 0.9375
22 3 1,0000 1.0000 0.8750 0.8750
' 24 0.6250 1.0000 1.0000 0.8750
MEAN - 0.9115 0.9323 0.9271 0.8542
STD, DEVIATION 0,1135 0.0974 0.0969 0.1085
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Table 13. Team efficiency for inspection of defect 1.

TEAN c1 c2 c3 c4
1 0.6250 0.9375 1.0000 0.9375
2 0.8750 0,9375 1.0000 0.8750
3 '0.9375 1.0000 1.0000 0,9062
4 0.9375 0.9375 0.8125 0.6562
5 0.8125 1,0000 0,9375 0.8125
6 0.8125 0.8750. 1.0000 0,7500
7 0.6875 0.9375 0.9375 0.7187
8 0.8125 0.9375 0.8125 0.8750
9 °  -0,7500 1.0000 0,9375 0.6875
10 1.0000 1,0000 1.0000 0.7187
11 1.0000 1.0000 0.8750 0,7187
12 0.8125 0.8750 0.9375 0.6875
MEAN  0.8385 0.9531 0.9375 0.7786
STD, DEVIA- ) o
TION 0.1176 0.0471 0.0705 0.0974
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Table 14, Team efficiency for inspection of defecct 2.

TEA  Cl c2 c3 Cc4
.1 0.9375 1.0000 1.0000 0.9687

2 1.0000 0.8750 0.8750 0.8125

.3 . 0.8750 1.0000 1.0000 1.0000

e A0 0.9375. 0.9375 0.8125 0.8437
5 0.8750 0.9375 0.8750 0.8125

1.0000 1.0000 0.9375 0.7812

- 0.,8750 0.8125 0,8750 0.7500

6
7

'8 0.8750 0.9375 0.9375 0.9062
9 - 0.8750 0.812% 1.0000 0.8437

‘10 - 0.9375 0.8750 0.9375 0.8125
S 0.9375 1.0000 0.937% 0.8437
—..l2. .- 0.8125 1.0000 0.9375..0.8750.

MEAN 0.9115 0.9323 0.9271 0.8542

s,
DEVIA- 0.0563 0.0728 0.0586 0.0734
TION o
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test (paremetric), and afe presented in Table 15. Prom this
“note that for detection of deféct 1, performance in
con@itions 2 and 3 was significantly better (.95 and .94)

than in conditions 1 and 4 (.84 and .78). For detcction of
defeect 2, performance in conditions 2 and 3 was sisnificantly
better (.93 and .93) than in condition 4 (.85), while condition

1 (L91) lies in the intermediate position Thus conditions 2 and 3

(which reguired only one nental image of a defect 2t 2 time)
were better than conditions 1 and 4 (which required two mental
images at a timg); Time of day had no significant effect for

either kind of defeects.

Analysis of Type II error

A similar statistical analysis was rﬁn for Type II errors,
The error scores are tabuiated iﬁ Tables 18 and 19, for defect
1l and defect 2 resgeétively. The means for each conditions
were tested for si;nificancevmth_all three tests and arc pre-
sented in Table 20, For errors made in inspection of defect 1,
there were no significant differences between performances in
conditions 2, 3, 1 and 4 (0.,00000, 0,00000, 0.00058, and
0.00173 respectively). Similarly, for inspection of defeet 2,
there were no significant differences between performances in
conditions 2, 4, 3 and 1 (0.00000, 6.00029, 0.00058, and 0.00116

respectively). Time of day was not significant for either kind

of defect.
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Table 15, Comparison of statistical significance (p< .05)
betweon the means of the four condltlong for the
probablllty of detectlon.

-

Defect Ileans Sign Test Wilcoxon Duncan's

No. o - Sign- MRT
I R RRRERE Rank Test

1 0.9531 c2] c2
0.9375 'c3| - c3 C3

0.8385 c1 i c1 cl

0.7786  c4 ' o4 c4

2 0.9323 (2 - c2! o2
10,9271 c3‘ - c3 c3

0.9115 c;'l. ¢l c1

0,8542 c4 c4 ’ ’

C4




Table 16. Analysis of variance of inspection efficiency of

& '

Sources ~ Sum’of Degrees of Iean Sum P Alpha Hat
' ) Squares Freedom - of Squares . S
conqition'o.4946 3 0.1649_ 6.87 0.00
férioa 0.0039 P 0.0020  '0.08 "0.92
Tean 00340 3 0,0113  0.47 0.70
CxP  0.0534 6 0.0089  0.37  0.89

‘PxT . 0134 6 0.0224  0.93  0.48
¢cxT  0.1553 9 0.0172 0.72 0.68

ox f'x T 0.2904 18 0.0161  0.67 0.81
Error  1.1504 48 ©0.0240. !

Total '*"7'23'3;160 £ magh




Total

Table 17. Analysis of variance of lnSpectlon efficiency
‘ J of defect 2 Yt
‘Sources Sum of Degrées lMean Sum . F Alpha Hét
: Squares Freedon of Squares
Condition  0.1131 3 .0.0377  -2.94  0.04
CPeriod 0,019 2 0.0060 0.46  0.62
‘Tean 0L0s57 3 10,0186 1.45  0.23
Cx P 0.0410 6 0.0068 0.53  0.77
Pox T 0.0974 6 0,062  1.26  0.29
C x0T 0.1296 9 10,0144 1,12 0.36
CxPxT 0.0760 18 0.0042 0.32  0.99
Error  0.6152 48 0.0128 o
1.1403 95
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Table 18. Inspection data for Tyve ITerrors on defect 1.

DEFZCT 1
BAN SUBJZOT o1 o2 3 ca

5 1 0.0000  0.0000 0.0000 0.0000

7l 0.0000 0.0000 0.0000 0.0000

> 3 0.000C¢ 00,0000 0.0000 0.0000

| 4 0.0000 0,0000 0,0000 0.0000

3 'S5 ' 0.0000 0,0000 0,0000 0.0000

6 - 0.0200 0,0000 0,0000 0.0000

4 7 ~0.0000 __0,0000 0,0000 90.0000

8 0.0000 0,0000 0,0000 00,0069

5 g 0.0000 0,0000 0.0000 0.0000

10 0.0000 0.0000 0©.0000 0.0000

M‘6 11 0.0000 0,0000 0,0000 0,0063
e 0.0000 0.0000 0,0000 0,0000

T 13 0.0139  0.0000 0.0000 0.0000

14 0.0000 0.0000 0.0000 0O,0000

8 15 0.0000 0.0000 0.0000 0.0000
16 0.0000 0.0000 0.0000 0,0000

. 9 17 0.0000 0.0000 0.0000 0.0000

: 18 0.0000 0,0000 0.0000 0.0000
10 19- 0,0000 0.0000 0.0000 0.0069
: 20 0.0000 0.0000 0.0000 0,0000
a1 21 0.0000 0.0000 0,0000 0.0208
- 22 0.0000 0.0000 0,0000 0.0000
| 15 2y 0.0000 0.0000 0,0000 0,0000
: 24 0.0000 0.0000 0.0000 0.0000
MEAN  0.00058 0.0000 0,0000 0.00173

STD, DEVIATION 0.0000 0.0000 0,0000 0,00002
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Table 19, Insvection data

for Type II errors on defect 2,

3
4

DEFECT 2

TEAM  SUBJECT CL 2 - 43 - {E

= 10,0000 0.0000 0.0000 0.0000

: 2 0.0139 0.0000 0.0000 0,0000

5 3 0.0000 0,0000 0.0000 0.,0000

: 4 0.0000 0.0000 0.0000 0.,0000

T 5 0.0139 0,0000 0.0000 .0.0000

6 0.0000 0.0000 0,0000 0,0000

—q 7 0.0000 0.0000 0.0000 0,0000

: 8  0,0000 0.0000 0.0000 0.0000

; X 0.0000 0,0000 0,0000 0.,0000

10 ' 0.0000 0.0000 0,0000 0.0000

é 11 0,0000 0.0000 00,0000 ' 0,0000

' =38 0.0000 0,0000 0,0000 0.0000

e 13 0,0000  0.0000  0.0000 0.0000

- 14 0.0000 0,0000 0,0000 0.0000

—g- 15 0.0000 0.0000 ©,0000 0.0000-

- 16 0.0000 0,0000 0.0000 0.0000

g 17 0,0000 0,0000. 0,0000 "0,0000

18 0.0000 0,0000 0.0139 0,0000

_ 10 | 19 0.0000 0,0000 0.0000 0.0000

: 20 0,0000 0,0000 0,0000 0,0000

i1y 21 0.0000 0.0000 0,0000 0.0000

' 20 0.0000 0.0000 0,0000 0.0000

15 23 0.0000 0.0000 0.0000 0.0069

- 24 0,0000 0,0000 0.0000 0,0000
—_____MBAN__0.00116 0.0000 0.00058 0.00029

STD. DEVIATION 0,00002 0.0000 0.0000

0,0000
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Table 20. Comparison of statistical significance (p< .05)
: between the means of the four conditions on
, Type I1I errors. ‘

ﬁefect Ho. . llcans Sign Test  Viilcoxon Duncanfs'
- ,Slgn—Rank IMRT
Bk s
& 0.00173  C4 o4l o4
~ 0.00058 c1 c1 c1
0.00000 C3 c3 c3
0.00000 @2 o2 2
2 0.00116  ©1 Cal . o«
0.00058 €3 3 ¢3
0.00029 C4 c4 c4
0.00000 @2 c2 c2




Table 21, Analysis of wvariance of Type II errors on defect 1.

e

0.000736

g5

Source Sum of Degrees of Illean Sum F Alpha Hat
Squares Freedgm- of Squares

Condition  0.000047 3 0.000915'f 1.99  0.12
" Period 0.000001 2 0.000000  0.06  0.93
Team 0.000012 3 0,000004 0.50  0.68
Cx?P - 0.000027 6 01000005 0.56  0.75
PxT 0.000051 6 0.000008  1.06 0,39
Cx T 0,000052 9 0.000006 0.72  0.68
CxPx T - 0,000161 18 0.000003  1.11 0,36
Error 0.0003%4 _jEi_ -03600608 | -
Total | .x

56.
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Table 22, Analysis of variance of Type II errors on defect 2.

Total

Source Sun of Degrees of  lMean Sum F Alpha Hat
Squares Freedom of Squares
- Condition  0.000017 3 0.000006 0.89  0.44
Period - 0.000007 o 0.000004 0.54  0.58
Team 0.000017 3 0.000006 0.89  0.44
CxP 0.000029 6 0.000005 0.74  0.61
P x T 0.000029 6 0.000005 0.74  0.61
Cx T © 0,000109 9 0.000012 1.85 0,08
CxPxT 0.000079 18 0.000004  0.67  0.81
Error 0.000313 48 0.,000007
0.000602 “;;“
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Analysis for the multi-monitor treatment

Condition 4 also can be analyzed as team inspection.
Teble 23 and 24 show the data for this treatment for defects
1l and 2 resyectively.
The efficiencies for the integration mode were calculated
by taking the mean performance of the two members in each team.
The efficiencies for the parallel mode were obiained from
the (n,n) decision rule in that every inspector must respond
"no signal", otherwise the comblnatlonm;f inspectors responds

"signal", For the predicted value of the parallel mode, the

probability of detection of a signal by the team is given by:

.92 .
P=1-II (1-2P.) o (1)
i=1 1

where P, = the probability of deﬁecjion of the ith inspector.
The efficiencies for the seri;s mode were obtained from

the (y,y) decision rule in thé% every inspector must respond

,“yés,ga signal has been received" for the combination of in-

spectors to resnond "51gna1" otherwise, thé combination reaponds

"mo signal®. For the predlcted value, the prob ability of de-

tection of a signal by the team is given by
2 V h .
P =11 P , (2)
- i
where Pi = probability of detection of the ith inspector.
From Tables 23 and 24 it can be seen that the models have

predicted slightly higher values than the observed in the
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parallel mode an@ slightly lower valﬁes in the series mode.
For inspection of defect 1, the mean error for the parallel
mode was -1,8% and for the series mode it was +1.8%., TFor in-
spection of defect 2, the mean error for the parallel mode was
-1.5% and for the series mode it was +.1%,

The Pearson prddnct-moment correlation coefficients for
the expected and observed values were all significant at the

5% level (see Table 25).

Signal Detection Theorv Analvsis

One purpose in this study is to analyze inspection per-
formance with the help of conventional measures of the per-
centages of detected signals and with the help of measures
derived from the theory of simal detection.

O0f the 24 subjects in this study, only nine committed
false alarms (Type II errors) in condition 4. The remaining
15 subjocts did not commit eny false, alavns, indicating an ire
finite value of 4' for them. Other workerg in this field have
circumvented this difficulty by calling a zero freguency of a
particular error 'less than 4 an error' and thus replacing
each zero by & to obtain a lower bound of d' (Jerison et. al.,

1965).
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Table 25. Pearson product-monent correlation cocfficients
' {(p<.05) between the observed and exvected inspection
efficiencies on condition 4.

Mode Series Parasllel

‘Defeet No.

1 0.96 0:81

: 2 0.98 0.60
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Using a similar kiﬁd of treatment, let us treat the de-
tection of all 8 sigﬁéls (1095 of the 80 slides were defective)
es being at least as great as 7.5 our of 8 correct reports.
This would give the following lower limit on the probability
of detection:

P (sn,Y) = 7.5/8 = O.?375

Similarly, the emission of no false alarms may be {treated
as the emission of fewer than 0.5 false alarms, and the maxi-
mun false alarm probabilitj ig therefore:

P (n,Y) = 0.5/(80-8) = 0.00694

From normal probability distribution tables, the value

of P(n,Y) corresponds to z, = 2.46 and the value of P(sn,Y)

corresponds to z, = -1.53. Therefore d' =12, 6 - 2z = 2,46 -
(-1.53) = 3.99, The ordinate for By, 1S 0.1238 and ‘the ordin-
ate for z is 0.0196; therefore f3 = .1238 = 6.31.

: . 8]

Hence at these limiting probabilities ve obtain (Figure T)
ar = 3.99
Fu = 6,31
Thus, for our best subjects we have a minimum value of
d' of about 4. This is a numerical statement of a “readiiy
detectable signal". For the other sﬁbjects the minimum value
of ' was 3.73.
Table 26 and 27 give the values of d' (the SDT measures
of index of detectability) on defect 1 and defect 2 respective-

ly for all four conditions. Tables 28 and‘29 give the values
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R=0.9375

Acceg&_ Egﬁect

AR=0.0069

2

po¥5 46 4T 48

Fmm

d' = zgpp - ZER = 2.46 - ( -1.53) = 3.99

£ (x.)
= 47T 9038 = 6.31

fd2 (x¢) .0196

W
!

Figure 7 Calculation of 4' and P fpr the 15 pest subjects.



Table 26, SDT measure of the index'of detactﬁbility d' for
inspection of defect 1.

 DEFECT 1

' "PEAN  SUBJECT c1 2 03 o
oo g oo LT 01,78 3.6 3.99  3.85
- 2 - 3.99 3.99 3,99  4.56 -
R 1 3.61-  3.61  3.99  3.59
w4t 3,61 3,99 3.99  4.23
4t w5 - 3.61 3,99  3.99  3.85
i3 6 - 3,99~ 3,99 3,99 - 4.23
A R Y R N
& -8 3.61 3,61 3.61 3.13
5 9 3.61  3.99 3.6  3.85
- 10 ul3 3.99 3.99 3.38
g 21 2,78 3.13  3.99  2.77
12 3.99  3.99  3.99  3.85
L g A3 © 1,88 = 3.61 3.61 3,19
14 3.99 3.99 -3.99  3.38
g 25 3.3 3.61  3.13 3.85
- 16 3.6 3,99  3.61  3.85 -
C g AT 3.61  3.99 3.99 -3.59
T 18 2.78 _ 3.99  3.61  2.86
10 .19 .- 3.99 3.99 3.99 2.7
. 20 3,99 3,99 3.99  3.59
11 el 3.99  3.99 - 3.61  3.03
- 22 3.99  3.99 3.61  3.19
1. 23 3,99 3.99  3.99  4.56
o 24 2,78 3.13 3.61 2. 38
MEAN 3.48  3.84 3,79 3.52

STD, DEVIATION  0.66  0.27  0.27  0.58



Table 27, SDT measure of the index of detectability d' for
inspection oi defect 2, :

DEFECT 2
CTEAM - SUBJECT 0l @2 c3 ca
'y oL 3.99 3.99 3.99 4.56
_ 2 3.35_ 3,99 3,99 4.23
5 3 --.3.99  3.13  3.13 __ 3.02
—cs 4 3.99 3,99 3.99  4.56
3 5 2.87 _ 3.99  3.99 _ 4.56
" 6 . 3.99 3.99 ._3.99 _ 4.56
a 7 ____3.61  3.99 3.99  3.59
- 8 3,99 3.61 2.78 3.85
5 9 3.61 3,601 . 3,61 3.38
: 10 3,61 3.99 3.6l 13,85
6 11 _3.99  3.99 3.6  3.19
12 3.99 3.99  3.99  3.85
7 13 3.13 3.13  3.61 3,19
- 14 3.99  3.61 3,61 3.59
8 15 3.33 3.99  3.99  4.23
16 3,99  3.,61° 3,61 3.85
9 17 3.99  3.61  3.99  4.23
18 3.13  3.13 3,73 . 3.38 -
o 19 3,61 3.13 - 3.99  3.38
. 20 3,99 3.99 3.6l 3.85 -
31 21 3.99  3.99 3.99 3.38 -
: 20 3,61 3.99 3,61 4,23
12 23 3.99 3,99 3,61 _ 3.61
s 24 2,78 3.99 3.99 3.85
MEAN . 3.68 . 3,77 3.75  3.83

~ STD, DEVIATION 0.40 . 0.33 0.31 0.48



Table 28, SDT measure of the decision criterion point

inspection of defect 1.

EFACT 1

SUBJECT

TEAN ¢l ¢2 3 C4
1 -3 -116.,29 10,56 6.31 19.80
e e e e B 6,31 6.31  6.31  6.80
L' I 3-- 10.56  10.56 - 6331 - 25.89
g 4 10.56 6.31 6231 11,83
3 TS ©10.56  6.31  6.31 19.80
A MG - 6.31 - 6,31 11.83 -
a1 6,31 6,31  16.29 37.89
S -8 - --.10,56 10,56 10.56 16,21
. =g~ 10,56 6,31 10.56 19,80 -
o= - 10 - 16,29 6,31 6,31 30,55
6 711 " 19.44  16.29° 6.3 19.35 -
e o 6.31 6,31 - 6.31 19,80
7 MO i WA 1 1< - S NS P 1 Gt £ i o L
o 14 6,31 673 — 6.3 30,55
8 --*15 16.29 10.56 16,29  19.80
e 16 10.56 6.31 10,56  19.80
g 17 1.0.56 6.3  6.31 25,89
e 18 19.44 6.31  10.56 ~ 37.89
5 19 6,31 6.31 6,31 19,35
E— -20 © 6g31 6.31" 6.3 25,89
11 . 21 6.31 6.31 10,56 12,91
- 22 6,31 6.31  10.56  34.04
12 | 6.31 6.31 6.31 6.80
i 24 19.44  16.29 10,56  36.47 -
MEAN 10,62 8.03 8.56 22,62
STD. DAEVIATION 4.75  3.08 3,11  9.36



Table 29, SDT measure of the decision criterion point £

for inspection of defect 2.

DEFECT 2
" TEAM _ SUBJZCT cL G2 c3 c4
g Sm & 6.31 6.31  6.31  6.80 -
, 2 5,80 6,31 6,31  11.83
o 3 - 6.31 16,29 16.29 36.47
A 6,31 6.31 6.31 6.80
3 5 8,95 6.3 6.31 6.80
6 6.31 6,31 6,31 6,80
Y 7 10.56  6.31 _ 6.31 25.89
: 8- 6.31 10.56 19.44 19,80
5 9 10.56___10.56 _ 10.56___30.55
- 10 10.56 6,31 10.56  19.80
6 11 6,31 6.31  10.56  34.04
12 6.31 6.31  6.31  19.80
g -'13 }6.29 16.29""'10.55 _34.04
14 6,31 10,56 10.56  25.89
f‘é”l* 15 16,29 6.31 6,31 11,83 -
: 16 6.3 10,56 10,56 19.80
f"é’ 17 6,31 10,56 6.31  11.83
- 18 16.29  16.29 3.46 - 30,55
ag .19:- 10,56 16.29  6.31 30,55 -
. 20 6,31 6,31 10.56. 19.80 -
13 21 _6.31 6.31  6.31  30.55 -
82 10.56 6,31 10,56 11.83 -
40 .. 23 6.31 6.31 10;56 10,51
» 24 19.44 6.31  6.31 19.80
MEAN 9.08 8.86 8.75 20.10
STD, DEVIATION 4.09 3.80 3.61 9.86

68,
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of P (the 3DT measure of the decisioﬁ criterion) on defect 1
and defect 2 respectively for all four conditions.

"7 "Vle may note some general attributes of the SDT measures
over all four conditions. The range of d' was from 5.80 to
37.89. o -

_ The means of &' for inspection of defect 1 were 3.48,

3,84, 3.79 and ‘3,52 for condition-l, -2;- 3 -and 4 respectively;
for defect 2, they were 3.68, 3.77, 3.75 and 3.88 respectively.

——The means of 3 for inspection of defect 1 were 10.62, 8,03,
8.56 and 22,62 for conditions 1, 2, 3 and 4 respectively; for

defect 2, they were 9,08, 8.85, 8,75 and 20.10 respectively.

.. The reason for not being able to perform an exact SDT
eanalysis with the observers data was their failure to Zive

féiée alafms. This_was true fof'15 of our 24 observers. Our

inability'to obtain exact SDT measures probably biased our
data towards values of'both d' and @ that are low.
-w“wféﬁié'30 shows the Pearson”product momnent correlations
of d' with the inspection efficiency 'A'. "For, inspection of
defect 1, the correlations were 0,997, 0.998, 0.997 and 0.961
for conditions i, 2, 3 and 4 respectively. For inspection of
defect 2, the corrclations weré 0.983, 0.998, 0.983 2nd 0.978
for eonditions 1, 2, 3 and 4 respectlvely. All these correclae-
tions ore significanﬁ at the 19 level.

There was no significant correclation found between the



Table 30. Pearson product-moment correlation coefficients
(p< .01) between the detectability index 4' and
inspection efficiencies.

Correlation

Coefficient ‘Defect 1 Defect 2
rd',cl 00997 0'983

Tar, @2 0.998 0.998
Tar,c3 0.997 0.983

Tar, 04 0.961 0.978
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false alarms and the decision criterion pointp . Only 9 out
of our 24 subjects made a false alarm in one of the four con-
ditions that they were inspecting. Hence only in these 9
cages do we have the exact values of p . Tor the remaining

15 situations, the p values were obtained by treating '‘no false
alarms' as "maximum of half a false alarm'. Hence there was

no correlation found.



CONCLUSIONS AND DISCUSSION

.From Table 11, for inspection of defect 1, conditions
2 and 3 are better than conditions 1 and 4 uging inspection
efficiencies 2s the criterion. No statistical significance
was observed for the false alarms., Since conditions 2 and 3
showed no false alarms (whereas conditions 1 and 4 had some
false alarms) we conclude that, for detection of defect 1,
conditions 2 and 3 are better than conditions 1 and 4.

For inspection of defect 2, conditions 2, 3 and 1 were
found better than condition 4 using inspection efficiencies
as the criterion. No statistical sign%ficance wa.s observed
for the false a arms. Since condition 2 showed no false alarms
(whereas conditions 1, 3 and 4 had a few false alarms), we con-
clude that, for detection of defect-2, condition 2 is Better
than conditions 1, 3 and 4.

Condition 4 was found to be the worst of all four condi-
tions in terms of probability of detection (criterion A) as
well as for Type II errors. But, when it was analyzed in the
parallel mode (where at ieast one inspector was required to
respond), the means improved considerably. In this parallel
modg the means were not significantly different than the means
for cbnditioﬁ 2, (For inspection of defect 1, the meansl(of
criterion A) for condition 2 and the parallel mode of condition

4 respectively were ,95 and .94;'for inspection of defect 2, the



means were .93 and .98). However, the parallel mode also had
the maximum falsé alarms. |

On the other hand, the series mode (which has no practi-
cal applications but is only of theoretical interest) showed
no false alarms, but had the lowest probability of detection,
(Its means were .60 and .73 for defect 1 and defect 2 respec-
tively).

A very high correlation was found betweén the detectability
lindex d' and the probability of détection YAY,

By allotting a set}of payoffs consisting of the value of
making correct decisions relative to the costs of making errors,
Sheehan and Drury (1971) were able to discern deviant inspector
behavior during a hook inSpection task. One of the inspectors
had a 'hit rate' similar to those of the other inspectors, but
had a fﬁlse alarm rate that was much higher (and &' that was
much lower) than those of the other inspectors. An interview
indicated that the inspector was rejecting acceptable hooks
on the basis of an irrelevéntrchdracteristio. Payoffs could
be explicit (such as actual penalties for falsely rejecting
too many conforming items) or implicit (such as potential
safety hazerds to consumers if defective itemé are not detected).

Since in this study no payoffé were'set, the advantages

of SDT could not be brought out.
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APPENDIX 1

Signal Detection Theory

Signal detection theory blends into a2 single model many
dissimilar factors that affect the detection and recognition
of signals embedded in noise. This model emphasizes that the
decision of an oﬁserver may depend upon

(1) +the information available to the observer before

the presentation of the stimulus,

(2) the information content of the stimulus,

(3) +the properties of the sensory analyzer, and

(4). the consequences of each decision,

When detection pefformance is imperfect, it is never
assuned that the observer "detects the signal®., Rather, it
is assumed that the observer receives an input, and this input
corresponds to,‘a unigue value of liklihood ratio. Then,
given other factors, such as the prior probzbility of signal
existence, the observer mekes a decision "Yes, the odds favour

the event sigmal plus noisc" or "No, the odds favour the

event noise alone".

In the fundomental detection nroblems with only two
events and two responses, there are four event-response con-
junctions. ILet sn and n stand for the two cvents, and let ¥
and N stand, respectively, for the responses of "Yes" and "No".

Then, the conjunction (sn,Y) is called a correct acceptance,
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or a hit, and its complement (en,N) is an incorrect rejection,
a2 miss, or a false dismissal, The conjunction (n,N) is called
a correct rejection, and its complement (n;Y) is called an
incorrect acceptance, @ false alarm, or a false.report.

With only two events, the sum of the probabilities is
unity.

P(sn) + P(n) =1 {8.1.1)
where P(sn) = the probabiiity that a signal is present.
and P(n) = the probability of noise alone,

The hit rate, P(Y/sn) is the conditional probability of
the response of "yes" gziven that the signal occﬁrred, and its
complement is P(N.sn) = 1- P(Y/sh). The false alarm rate,
P(Y/n), is the éonditional probability of the response of
“"yes", given that the signal did not occur, and its complement
is P(N/n) = 1 - P(¥/n). Thus,.we have

P(Y/sn) + P(N/sn) = 1 {AwlaB)
P(Y¥/n) + P(N/n) = 1 (A.1.3)

The two conditional probabilities; the hit rate and the
false-alarm rate, taken together specify the degree to which
the observer can distinguish between the two types of events,
sn‘aﬁd n.

‘The performance of an observer in the single-interval
experiment is evaluated in terms of the probabilities of the
event-regsponse conjunctions. These'probabilities are based

upon the nrior probability of signal existence, P(sn), and
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the two conditionzl probabilities, P(Y/sn) and P(Y/n). Thus
we have: |
(1) Correct acceptance : P(sn,Y) - P(Y/en).P(sn)
(2) 1Incorrect rejection : P(sn,N) = [l—P(Y/sn)J «P(sn)
(3) Correct rejection : P(n,N) = [l-P(Y/n)J P(n)
(4) 1Incorrect acceptance : P(n,Y) = P(Y¥/n).P(n)
(A.1.4)
Here we should note that P(sn,Y) is the probability of
a "hit" whereas P(Y/sn) is the "hit rate"., The four event-
response probabilities sum to one, and they are called des-
eriptive probabilities, because they describe the pehavior of
the detector, |
The threc descriptive probabilities, P(sn), P(Y/sn), and
P(Y/n), are used in the definitions of the probability of a
correct decision, P(C), and of the probability of & responge
of "yes", P(Y). Thus
P(C) = P(Y¥/sn).P(sn) + [l~P(Y/bJ:][}—P(snﬂ (A.1.5)
P(Y) = P(¥/sn).P(sn) + P(¥/n) [ 1-P(sn)] (4.1.6)

Our discussion will be concentrated upon simple cases in
which the event can be represented to an observer by a single
number X, which is a gspecific value of the random variable X,
On a given trial, the value x constitutes the evidence upon
which the decision is based; therefore x is sometimes referred
to as a test-statistic., It is assumed that each of the two

events, sn and n, has associated with it a univariate
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probability distribution, discrete or continuous.

If the random variable is discrete, then P(x/sn) is the
conditional probability of i, giveh the evént sny P(x/n) is
the corresponding conditionzl probability of this same value
of x, given the event n. If the random variable is continuous
then the corréSponding probébility elements are f(x/en)dx and
f(x/n)dx, where f(x/sn) and f(x/n) are the probability densi-
ties associated, respectively, with the two distributions of
X,

For discrete distributions, the likelihood ratio, Lsn(x)
is : P(%/sn)/P(x/n), vhere x is a specific value of the dis-
crete random variable ¥X. Similarly Lsn(x) = l/Ln(x); for
further discussion let the symbol L(x) stand for Lsn(x).

Note that, even though the values of xfmay be discrete, the
numerical velues of P(x/sn), P(x/n) and L(x),‘are, in general
continuous varizbles. Also, L(x) is not a probability, and
it may range from zero to infinity.

For continuous distributions, the likelihood ratio, L(x)},
is f(x/sn)/f(x/n), where x is a specific value of the con-
tinuous rondom variable X. The functional relationship
L{x)=f(x/osn)/f(xx/n) is called the likelihood-ratio function.

Two of the ecvent-response conjunctions, (sn,Y) and (n,N),
are defined as "oorrect” and the other two conjunctions are
called "incorrect”. A reasonable goal for a rational observer

is to maximize the probability of a correct decision. Ve will
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call this observer a max-P{C) observer. The decision rule
for the max-P(C) observer is : If L(x)>iP(n)/P(sn), say "yes",
otherwise say "ﬁo". With only two events and two decisions,
the max-P(C) observer also minimizes "deecision errors®, Thus
& criterion is adépted such that [P(N/sn).P(sn) + P(Y/n).P(ni]
will be as small as possible. In the literature on detecction
theory, the max-P(C) observer is sometimes called Siegert's
obsefver. The decision rule based upon 1igelihood ratio di-
vides the x axis into two types of intervals, those over which
L(x)> L(x,) and those over which L(x) £ L(x ), where L(x,) is
the cut-off'point. Thus the stimuli associated with the two
events, sn and n, are mapped onto fwo responses by‘thejappro—
priate division oftthe X aﬁis into two types of intervals.
| We can now mark the simi1arities between the SDT model
and the statistical test‘of the null hypothesis. The guality
cohtrdl inspector is conceptualizéd as a statistical hypothesis
tester, gathering data from each target in order to decide
between the following null (Ho) and alternative (Hl) hypothesis:

Ho: observation x sampled ffom internal distribution

associated with conforming targets,
Hy: observation x sampled from internal distribution
associated with defective targets.

The inspector's observation, x, is a summarization of

the data from the characteris%ics of the target. Its value

is compared to the criterion ("eritical") value of x and Hj
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is either rejected or accepted.

The probability P(n,N) of correcctly rejecting a defective
disk is analogous to 1—p y the power of o statistical test in
detecting Hl when it is true. The probability of incorrect
re jection P(sn,N) is analogouc to the ﬁrobability, § of the
Type I error of falsely rejocting,Ho. In the sampling plan
operating characteristic cufves, o is Inowm as the producer's
rislk.

The probability of incorrect acceptance P(n,Y) in SDT
has its counterpart in the Typé II error in statistical
hyvothesis testing of failing to reject‘a false H0 and has
probabilityTS. It is also known as the consumer's risk in
acéeptance sampling inspectibn. The SDT criterion, X, is
analogous to ¢ in sampling inspection where ¢ is the number
of sampled defective items which must be exceeded in order %o
reject the entire lot as defective.

The criterion value of the likelihood ratio, X, reflects
the insvector's own standard 6f vhat is acccptaﬁle and unac-
ceptable product quality. Ideally the inspector would want
2ll of his decisions to be correct. Fipgures 8 a, b, ¢ show
that it is unrecsonaple to expect perfect performance. There
is no eriterion that the insvector can set that would simul-
tanecously allow HR to be maximized énd FAR to be minimized.

T+ can be scen that the HR and FAR covary directly, becoming

smaller as x, increases (Figure a). There has to be some
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tradeofl of false alarms to achieve hits., _

Figure 8 a, b, ¢ illustrates the two probability density
functions and d4', the distance between their means, mecasured
in stendard deviation units. Increases in the inSpcctor's

ability to distinguish d, fronm do are indicated by larger

X
veluecs of a4,

Hit and false alarm rates co~vary directly as the in-
spector changes the valve of the decision criterion., The plot
of HR against FAR as X, varies, for a given 4', is Imovm as
an isosensitivity or receiver operating characteristic (ROC)
curve, Since the scales for both the ordinate and abscissa
range from O to 1, the sample space represented by these
dimensions is called the unit square.

Every point on the positivé diagonal of the unit square
repreéents inSpectorLinability to detect defective disks since
HR=FAR, indicating that {the two distributions overlap com-
pletely. Points below the ?ositive diagonal could indicate
deliberate inspector sabotage, or misunderstanding of what
- constitutes a defect.

If the two probability density functions are normal
and have equal variances, the ROC curve will be symmetrical
arouhd the negative diagonal of the unit scuare,

An exhaustive coverage of the Signal Detection Theory is

outlined in Swets (1964), Egan (1975) and Baker (1975).
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Let us consgider the detection situation in which different
sn-events are randomly mixed with the noise-alone event, Here,
we will examine the case when there are only two sn-events
as well as the n-event.

There are three types of trials: 1) On n-trials, the
observer receives a value of X f(x/snl), 2) On sn, -trials,
the observer receives a value of X: f(x/sﬁl), 3) On sno,-trials,
the observer receives a value of X: f(x/sn,). After each
Observation interval, the observer is required only to state
whether a signal was present. This situation restricts the
possible decision goals of the observer., For example; the
observer cannot simultancously maximize P(C) for each of the
two signal~p1us~ﬁoise events. In general, the cutoff that
will maximize P(C) for sny-trials will be different from the
cutoff that will maximize P(C) from sn,~trials, However, with
knovm prior pfobabilities of the three events, the observer
can maximize P(C) considered over all trials. Let us assunme
that the prior probabilities are: P(n), P(sny) and P(sny).

The density of X for n-trials is f(x/n). The density of X for
sn-trials is the weighted combination of the two densities of
X, one for sn; and one for sny. -Let Cy= P(sny)/ P(sny)+P(sny)
and Co= l—Gi. Then the density of X on sn-trials, irrespective
of eny and sn,, ise

g(x/en)+ C)f(x/sn) )+ Cpf(x/sny) (8.1.7)

Then;
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L{x) = §§§/gn! = ClL(x/n,snl) + CoL(x/n,en,)
' (A.1.8)

The likelihood ratio of the observation x for two signal-
Plus-noise events is the weighted combination of the two lik-
lihood ratios, one for snlmevent and one for sny~event. If
k is monotonic increasing with each L(x) separately, then x
is monotonic increasing‘with the weighted combination of the
two L(x)'s, Pinally the max-P(C) observer selects a cutoff
C on the x axis such that, }

L(¢) = P(n)/ P(snl) + P(sn,) (A.1.9)
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APPENDIX 2

Derivation of Multiple lonitor Eguations

§ ST

This chapter is devoted %o developmeﬁt of a mathematical
model for the'problem of team inSpection,‘based on the assump-
tion of indepgndence for individual résponses as outlined by
Waiker (1973). ; |

+ Bagic principles of probability theory will be used fo
determine the expected oufcomes when a team is detectiﬁg de-

fects, under the two decision rules, viz, series and parallel,

1
Two Insvector Team-Parallel Task

COnd;tion,4 hés also been analyzed in parallel mode,
Considér a tree diagram Tor a fwo—inSpectof group working
on a Iﬁaral.le‘l ’saék, l‘as Shmw; in F:’:gure' 10, Referring tc; Pigure
10 ., the true qualify of the target can have two alternatives,
good or deféctive, The first insﬁectof can classify it as |
either a good or défective target under both alternatives,
If he classifies the térgét as a defective , there is no
further inspection and the result is either an o (Type IT)
error or a correct rejection (CR). If he élassifies it as a
good tarﬂet, then the final result will depend on whether the
second 1nsnector clasvlfles it as a defectlve or good item,
- A1l the errors and correct acceptances/reaectlons are ligted

in the tree diagram of Figure 10, Prom this it can be
inferred that,
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P(Event) = sum of the probabilities of the branches
resulting in the same event.
P(Detection) = P(CR) =Ap-pl +‘p(l—p1)p2 = p(py =Py Dy+p,)
P(False flarm) = P(X ) = gep] + a(l-p{)nd
P(Incorrect Acceptance) = p({3) =2 p(l—pl)(l-pz)
CcA)

P(Correct Acceptance) = P( = q(l-pi)(l-pé)

Thus, vhen the individual detection probabilitiecs are
found for the individual members of the group, their perfor-
mance based on this model can be evaluated for a given level

of inconing quality.

Two Inspcctor Team-Series Task.

Condition 4 has also been anelyzed in series mode,

In this type of task, every'detéctor is presented with
all n defeets, A1l detectors report the defect if detected.
Thus, here, with the same input, the detectors seem to be
working in a series systen,

Consider the case of two detectors (inspectors) in the
system., Let the probability that the first inspector detects
a defect = Pys and the probability that the second inspector
detects a defect = po. Therefore, the nrobability that both
detect the defect = PyePoe In a serics type task the decision
rule is used that every inspector must register a defect for
the product prescnted to be rejected as‘a defective. Similarly,

a good productAis accevted only if it is accepted by all the
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inspectors in a group. Therefore, if there are r inspectors
in the group, the probability that the defective is rejected
is

Pr = PlopzoPBO-oopr = I']I— pi

If there are N good and n defects in the lot, let D be

the total detcction of defectives and d be defectives pass sing

in the outgoing lot,

_. | Probable number of _ _
U = [detections expected] = NPy = rl('91'132‘313"''p:r‘)

and the defect out”oinb = d = n-D = n-n(pypy...0,.)

therefore d = n(1 - II D )
1=1

Similarly, the number of expected false alarms are

Expected No. of

r
False Alarms = M. (] P1ePe pé.....p}) =N( II»p
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APPENDIX 3

Written instructions for the subjects

The purpose of this study is to investigate how the
inspection of a guality control system can be improved.
Method of inspection is one of the factors considercd to
improve outgoing quality. It is beliéved that the proposed
investigation will be of significant importance in finding
solutions to the problems of very costly insvection in cases
where very high quﬁlity is recuired. Your help and co-opcra-
tion is greatly appreciated.

The actual inspection task will be explained and demon-
strated to you at the time of nerforming the experiment. You
vill have 4 different conditions and will exemine 160 slides
in each coﬁdition. After each condition you will have =
small breék of about 5 minutes, cduring which you can relax.

Your performance will be based on the number of defectives
you correctly detect and on the number of good products you
accept. Thus your aim will be to maximize correct acceptance
and correct rejections and to minimize incorrect acceptances
and incorrect rejections., Do not hesitate to ask if you have
any questions.

This experiment will compare the efficiency of inspection
tasks under different methods., In this experiment you will

inspect the slides for two types of simulated defects.
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Defect # 1: Occurrence of the digit '6' will be denoted as

defect # 1. Whenever you see the digit '6' on any slide, stop
inspecting that slide and mark the form as defect # 1.

Defect # 2: Any digit occurring consecutively will be denoted

as defect # 2 e.g. '00', '11' etc, ‘henever you see any two
identical digit occurring consecutively on any slide, stop
inspecting that slide and mark the form as defect # 2.

You will be‘inSPecting the slides under four different

conditions.

CONDITION 1

Here you will inspect 80 slides, Each slide will be
projected for 10 seconds, you will have to inspect for both
deféct 1 and defect 2, ihen you detect any defect in a slide,
éto? inspecting that slide any further and mark an 'X' under

apprOPriate column; then proceed to the next slide.

CONDITION 2

Here you will work in two stages. In the first stage
you will inspect all the 80 slides for defect 1, ecach slide
will be projected for 5 seconds., In the second stage, you
will again inspect the same 80 slides but this time insvect

for defect 2. Each slide will be projected for 5 seconds,
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CONDITION 3

Here only one glide projector will be uséd. In the
first stage, 80 slides will be run, subject # 1 will insvect
for defeet 1, while at the same time subject # 2 will inspect
for defect 2. In second staze, the second set of 80 slides
will be projected., This time the task is reversed, subject
# 1 will inspect for defect 2 and subject # 2 for defect 1.

Fach slide will be projected for 5 seconds,

CONDITION 4

Here you will:inspect all the 160 slides. In stage one,
each subject takes a set of slides and insPects for both
defect 1 and defect 2. In stage two, you will interchange
the slides and inspect again for defect 1 and defect 2. XHach
slide will be projécted for 5 seconds., Your performance will
be combined and analyzed as a team effort,

Thank you for your help.
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4

List of defective slides (selected randomly)

Defeet # 1

26
36
41
51
56
65
68
72

93

98
114
132
147
149
152
159

Defect # 2

11
18
29
44
48
60
62
69

85

87
109
112
31T
126
141
154

95.



APPENDIX 5

Score Sheest

Neme Date: Time:
Condition No: Stage: Subject:
Color of Rack: Speed: Majoxr:

Task: Inspect for defect L and 2
‘ defect 1 = Occurrence of digit '6!

defect 2 = Occurrence of two identical consecutive
digits, e.g. '00!

D1

D2 D1 D2 D1 D2 : D1 D2
1 2k 41 61
2 22 42 62
3 23 43 63
4 24 44 64
5 25 45 65
6 26 46 66
7 27 47 67
8 28 48 . 68
9 29 49 69
10 130 50 70
11 31 51 T1
12 32 52 T2
13 33 53 73
14 34 54 74
15 35 55 75
16 36 56 76
17 37 57 77
18 38 58 78
19 39 59 79
20 40 60 80



4839253292
7917072525
1312329043

1320747318
3247374018
7340873080

5908530807
5130530807
9853193804

1742415943
0948523859
3848271528

3385431913
9092818372
3241747939

9480413242
4015485730
3089537297

APPIENDIX

6

List of numbers used

5190594871
0874150243
1892583153

5370154291
7393435527

. 2194591828

2020370291
1741259138
9095075101

9749835102
5837050341
0795871281

2790431927
9498294131
2952384107

4898454521

7435242140

3581897297

9491591327
1057059149
1318309472

5801975289
4854901971
5234715953

1249478082
5191326127
3090727450

7098482834

- 9725180985

7810812302

2537621504
8483193580

4713721081

5419248504
2094984514
9180703431

1478707950
1405205937
7451714292

2047974528
2381248714
8459575283

2629795015
17342824238
7927921815

8702827493
0243720949
2932378249

5414728279
1403570128
5191454293

5372351457
3570575878
5739840548

a7.



7050817019
3103452420
9583821808

2925490827
0471519784
4542081403

8749397033
4235853802
2891025245

7107418405
8087304714
7139589158

0713081814
2457413728
8358707849

3585409259
4873210409
5414527459

3141379295
8301438949
2385848528

1032198732
2702303975
4548142370

5210517391
0202423015
1785975318

8323781540
5244287849

1535293812

5787043272
5781454349
9501405834

4415281823
8217072594
3834272737

2813194948
0239079737
9837089727

73872782175
0749345209
3709787810

2707530513

9098424255
9425471057

19243721298

5842710347
08172382393

6124514930
2403851780
8487387109

9391503218
3915975814
5328275758

9185347510

4290582853

9843215840

6234184121
3042902378
3027407497

5757351492
2349373854
7125738919

0040914834
7598791924
7089517404

3718354030
7948095141
0158298728

2475053584
1231358357
4741352343

5838535781
7920314752
9075453424

9170834740
5047197921

7950178154

8537083710
7937243981
9323523073

5378717132
0192741321
0828101298

98,



8170418571
1805170478
5769082717

2895253920
1459808158
- 8439844327

7851547732
8189181205
2327805275

i

5947314312
8703751309
7175234798

9234713535
4353545345
1941810725

1937297540
5059092482
14803037109

7189718478
5091042183
2347390421

0878379538
0549037819

4712302818

8797982534 .

9292481430

9202480430

8482917909
1490127127

2350378070

0412871315
3803769058
4704903142

0419842578
4875415187

4979152712

1978594399
9496571329

7409374271

9529139547

1478383825
2713810389

4743970248
5789315234
3725785258

2747337951
1878391543
2140189814

2353081590
2757028457
0209143597

0739601249
1324740304

3840282814

4585825310
9407358271
3193405429

2487953024
9755291384
3189413831

9389407542
4317193485
9128721075

1815875058
2571908502
0251240854

4039152987

1971092485

2591348071

1843973250
5439830914
8915472804

7039718180
9475175878
4739393252

8258501042
7807010120

7127905914 - -

4625072075
0748479439
0152908781

8180715094
5734153483
8540913232

99.



0127303505
8547371505
7352714381

5728480528
4982459197
7202045234

3107243149
5981080232
8090787347

5723040510
0147371425
7038204293

9019205404
0757393803
8931418232

7428087575
8074272547
7217965838

3510795798
9519410457
0789301879

1518930752
5973934521

0805430291

7978389495

9140412930
3813841819

3745715385
0198524215

9403587298

8791385837

5422158512
‘4193193929

7812473909
7383089312
7514124904

1537531043
8507098305
6238504392

8780375902
5472192538
4287325208

5187535398
1784975905
2735729308

3740371878
8329897087

2083898283

7230859218
0738295142

2398518093

0898273103

0172031209
8795317920

5407585294
8454982785

3483785825

5013909548
7029414092
0432518205

9232040451

- 2031039583

7038943813

5712435138
9754149074
1723215210

2072115158
7532125485
2849210951

9785325229
0521531341
3895874790

3715980838
- 4945943932

2507382125

0530407359

8510182930

‘5705795803

8027472352
4516897098
8350948583

9730291758
TA31752849
0838532437

100,



1385848413 .

7583193278

5020543494

9170827320
0531434318
5725317828

4741821832
3480540939
7431570742

5715693987
8274175933
5092403471

0895749737
8235132153
8379593459

1871848542
7979374724
3519030845

9123133425
5208320313
5297527978

1982430128 -

1017247542
1057385814

0080785708

5935989829
2312040535

1503438790
4512358431
3042179521

9834040202
19013190434
1918489585

2435078070

3201832109
7019349875

0174585022
" 4373208279
7204794781

7290745851
1832732350

2742351984

8924548347

2501972848
1545413072

. 9012751870

‘7910971823
9871974874

2937894749
1354817205
81048373153

9140507545
4396323098
8091842357

1737253432
3045791592
8075133015

4751495237
8343574254
9573072532

1217478028
4730383425
9580478284

3032745014
7145072848
5392714728

9038328494
4051710185
1489241707

9172723254
4313904179
0258181293

9683851739
1454894738
1937849439

0140378194
4049058010
8981843803

7894348419
7842841714
2581085425

7015742754
9750172305
7475751928

101.



4807585049
- 1372158409
- 4257819735

0270254341
9450302824
3184032140

4142829523
2708388204
4587032473

0309780109
3589437145
1805749150

9495804291
2984789237
4703242432

7043068531
1828548405
3205731424

i

4848318328
4709414329
7345139292

8318972729
7585474972
2037240125

2321834851

2535715401

4132859243

5374753969
8728529323

|5321949218

9404059305
9254978173

3229293489

8204041421
8458712739
2074810294

3923785185

1820483879
1391858275

5348240151

4745321303

3798973209

8903070320 -

0547953878
1495262739

0905173839
4843410421

© 1374949825

4914271319

9397501085
7195071412

4101854042
7473039835
3525703481

30903513438
8187521954
5880780472

2548308149
5147402412
3259798408

3053914514
2928371458
1050470102

8749703080
4219217485
1741405739

9298352505
5857932574
4784381820

3125010898
2104794829
8754391989

102,
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ABSTRACT

Inspection efficiencies for {wo methods of inspection
team orzaniczotion (divicion of labor and redundancy) were
concidered, The inspection task consisted of detecting
two types of visuzl defects (the digit 6 in = series of
digits a2nd two consecutive identical digits) under four dif-
ferent conditions. To simulate machine-pacing, 160 slides
of numbers were projected on two slide vrojectors; 24 femnle
students were the subjectis. Inspector accurzcey verformances
were anzlyzed by convention:zl measures as well as signal de-

y 94,

\O
n

tection theory analysis. Inspection accuracies were .
.93 and .93 for the two conditions in which subjects inspected
for only one defect, When they inspected for two different
defects simultaneously, the accuracies was .91, .85, .84 2nd

. «T8.



