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SUMMARY

The primary purpese of this research was to test the hypothesis
that the element-time distribution characteristics do not vary eignifi.
cantly from the work-time distribution for the aycles of which thess
elaments are a part, Secondary objectives were to investizate the rels-
tionship among elementé in terms of their indepsndency o dependency and
to study the possible effects of the assignable cauwses of variation in
work method on the distribution of element times., The data wed in thia
study were obtained from previous studies of the research project which
has bsen conducted since 1951 under the directiun of Doctars Lehrer and
Moder.

The histograms of the frequency distributions of the elemsai tires
of a atabls operator were plotited to determine right and left hand and
effective slement-time distributlon characteristics and to detarmine the
effect of six assignabls cauwse variables on the diatributions, Caloula~
tion of the mean, variance, skewness and peakedness was alzo completed to
more clearly define these effects, The Nermal Log Normal and Pearsen
Type I1I Curves were fitted to the experimental distributions to determine
whether or nut any of these curves typified the underlying theoretical disw
tribution, Finally, to compare slement and cyele distributien characteris-
tics, cumulstive distributions of the element and oycle times were tested
for significant differences.

The results of this study indicated that, generally, the character-
istics of the element and cycls distributions are similar. Specifically,

o um



the conclusions reached were as follows:

1. The charasteristica of the elemsnt-time distributions and the
work-time distributions of the cycls of which the elements
are & part were simtlar,

2, Of the curves tested, the Log Normal and Pearson Typs III
curves were the curves of best fit to the experimental
distributians, but the thecretieal elemeni~time distribution
curve magy not bs one of those tested,

3. There was evidence of independency among the elements of
this operation,

. The effect of leveling the element times to compensate for
the difference in the level of operater perfoarwmance during

the shift was to reduce the mmownt of peakedness and akew-
ness of the distributiens,

The resulis of this study muet be viewed in the light of the followw
ing limitationas: The sample sise wam limited, »nd only one operater worke-
ing on one mamwlly comtrolled, shart cycle assembly operation was studied,

It was recommended that another study be mads of more than ;e
cperator and more than one cperation to test the above conclusions, Furw
ther, the sxploratery study cemcerning the rchﬁemhp among elements
which was started in this thesis should be continued in a subsequent, more
rigorous study.



CEAPTER I
INTRODUCTION

General Problem

The question of whether or not time study could be considered
scientlific has been the source of much controversy frem the early days
of Scientific Management. However, there seemed little doubt that tine
study was basic in the accomplishment of many of the objectives of the
Sclentific Management movement. The acceptance of the latter concept
occurred largely as a result of a general realization that time study,
despite itsklimitaﬁ. ona, could be wed effectively as a tool for work
measurensnt .

The coniroversy concerning time study appeared to center about two
general areas., These were, first, the independence of, or the interaction
among elements, and second, the present rating techniques which were bas-
ed on an assumed normal distribution of work-times and accomplished by
subjective personal judgment.

Literature Survey

Element Relationsihips.—F. W. Taylar, who is known as the father of the

Scientific Management movement, as quoted by Gemberg (1), proposed the
development of elemsntal staniard data by combining the times for elements
of several operations, as needed, into & standard time for doing almost

any type of work.



However, it was suggested by Abruzsl (2) that the elements within
ons cycle tended to compensats one another. That is, the operator would
spead wp to compensate fm: lost time in an earlier elsment to avoid une
duly long cycle times. The operstcr would alse tend to slow down to com-
pensate for an earlier exceptionally fast elemsrt to aveid an unduly short
mlc time. If this were true, elements could not be considered ss sepa-
rate entities, and the time for completing one element would depend upen
other elements within th§ same cycle, Consequently, valid resulis would
not be obtained if an element from one cycle were combimed with an ele-
ment, or elements from other cycles to form a new cycle of work.

Abruzsi's conclusions verified those of Barnes ard Mundel (3) whe
performed a number of studies of the time required to position pins in
bushings with bevelsd holes, They concluled that the standard times for
certain therbligs could not be given as independent valws because of
interdependency among the elements, or the effect of other therbligs in
the cycle. A number of other studies seemdd to bear out these findings.

This question hid far-reaching repercussions in the developwent of
standard data and the several "synthetic time systems,” for the very basis
for validity of these systems was the independency of the motions which,
combined, made up the time standard. Although Gomberg (4) reluctantly
accepts standard data on the basis of consistency, he (5) lists four ori-
teria for scientific validity, among which were the following:

2. That the arbitrary divisions into which time study elements
are divided are independent of one another.

3. That these elements constitute an additive set.
He cited Abruswzi's wark as an indication that neither of these criteria

were met.
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However, Abruzsi (6) found from experimsnts in which the stop watch
and wink counter were used to measure timss that the existence of indepen-
dence among slesments sometimes depended on the measwement method, espe-
clally for short elements. Davidson (7) even indicated that there was
soms question as to whether or not cycle times were independent, and sug-
gested additional research alorng this line. It may be, then that the type
of work, the length of the elements, and their definition as well as other
factoars would detemmine ihetbr or not elements are truly independent.

lorlg—tim Distribution.-~There had long been wide acceptance of the *nor-
mal distribution of work-tims" theory. Presgrave, as quoted by Davidson (8),
in writing of the concept of the "normal" worker, stated, "Here . . . 18
the structure upon which incentives and time atudy sust be bullt.¥ Bames
{9) explained this concept when he wrote:
There is considerabls evidence to show that if the working apeed of
each member of a largs group of people, such as would be found in a
factory, were arranged along the base line (of a frequency distribu-
tion) accarding to magnitude in per cent of normal, and if the verti-
cal scale indicated freguency, the shape of the curve would fit
fairly closely the normsl bell curve. . .

The next step is to establish the point on the curve that will rep-
resent normal spead. . . .

It is of course not expected that any group of workers would
exactly fit the narmal cwrve, although an examination . . » will
show that the output of this group of 121 operators tends to fit
the normal curve,

However, on the basis of a number of statistical tests, Davidson

{10) indicated that the nommal curve was not the curve of best fit. BHe

alzso cited the work of C., M. Worthley aa further suwpporting evidence of



this phencmens, ard asuggested (11) that "the search for appropriate con=
cepts to ssrve as the theoretical bases for practical methodologles may
be regarded as an activity of prime lmpartance to ths advancemsnt of time
at‘w."

Davidson (12) tended to reject the concept of "comstant chance
cause system.,* However, Lehrer (13) wrote:

Some atable 'aysztem of chance causes' is inherent in any particular
scheme of production and evaluation., Variation within this pattern
is inevitable, The reason for variation outszide this stable pattern
may be discovered and corrected.

Wiberg (1l) proposed that the wse of Work-Time Distribution theory
would alleviate much of the controversy now concerned with the concept of
the normal werker. He indicated that 1t would aid in quantitative definie
tion of the average smployee, that it could be used in time study rating,
that it would reduce the langth of time required far time atulies and would
be useful in parsonnsl metnagemsnt as well as in the study of the psychow
logical aspects of the individual. However, his contentions were not
supported by adequate data to validate all these claims,

According te Wibverg (15),

A work-time distribution is defined as a frequency distribution of

& specified number of tims valuwes cbtained through time study as
actual and unadjusted watch readings, on an element of repetitive
manual work for the purpose of relating the distribution character-
istics to the varlows influences which the worker, the work-method
ard the work-environment exert wpon the efficiency of a particular
work situstioen.

The characteristics which were studied in research in this fleld

include the first four moments, the mean, variance, skewness and peakedness,




of the distribution. These were related, by Wiberg {16) to habituation
and motivation. He wrote that positive skew indicated a high degree of
motivation, negative skew indicated "soldiering,” and small variance
indicated strong habit in performing work. lack of substantiating infor-

nation, however, left these ideas open to question.

Previous Research.--Abruzzi conducted extensive research in the general

field of the distribution of work-times. He used the four characteriatic
defined above as the basis far statistical analysis of the results of his
experimentation, In addition to the findings listed earlier’ as to the
relationship of elements, he (17) concluded that at the cycle level there
were wide differences among messn times of workers on the same operation
but with sbout the same degree of variability. At the element lsvel,
workers differed in mean times and variability, He (18) also found that
the absolute degree of variability increased as the mean time inoreased
but that the relative degres of varlability (coefficliermt of variability)
decreased as the mean time increased.

Davidson {19) reported on a number «f exploratory studies conducte
ed by gradvate students at Ohio State University. These studies had to
do with operator statility as a means of determining whether or not Gom-
berg's criteria for time study were met. As has been the case in most
research in this area, cycle times were uged in the analysis. Reascns
for this included the previocusly mentioned question as to the imiependenc
of elements which would introduce some question as to the validity of

results if element times were used.

Isupre, p. 2.
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Results In all three studies cited were inconclusive. The first,
conducted by Brague, indicated that while some of the data was found to
be statistically stable, other data with larger sample size shomed some
eycles in control, or stable, and some unstable. In other words, the
analysis results prowved inconsistent. Damon and Losely, both of whom
worked under Davidson, found essentially the same thing. One general
conclusion was drawn., This was that there was considersble question as
to whether or not the control chart technique, by which the degree of
stability was tested, was a satisfactory test for the stated purpose,

Along with the analysis of cycle times, Bragues also analysed the
element time variations far a part of his data. He found that these data
indicated & greater degree of instability than the cycle times, and cone
cluded that instability of elsments wounld not produce the sams degree of
instability in the cycle. He also found, by the wie of the statistical
test of comparison of the sum of the element variances with the cycle
variance, that the elauentz of the operations studied exhibited inter
pendence.

Davidson stressed the exploratory nature of these studies and indi-
cated that their main purpose was in wmcovering leads for other research.
He reached the general conclusion that these three studies indicated a
need for a "fairly large scale" investigation of cycle time distritutions,

In the same study as that cited concerning Davidson's finding of

2

non-normality of work time distributions™, the following conclusion was

also reached: ", . . . the sample displayed a definite positive akewness

2Supra, pPe 3.



which was real, rather than the result of sampling errors alone.®

Presgrave (20) concluded that a selection of operatars through a
gocd testing program would crowd a far greater proportion of the woarkers
into the upper sectlona of the range and thus impart & marked skewness
to the eurﬁ. He apparently tried to explain away the positive gkewness
indicated in his experimental distributions, by writing: ¥The question
of akewness is not 1@crt.ant to the time-study man unless it becomes

unusually pronounced,”

Recent Studies.,~-Research on the subject of the work-time distribution has

been conducted in the School of Industrial Engineering at the Georgia In-
stitute of Technology since 1951 under the direction of Dectors lehrer
arnd Noder.

The operation gstudied was the assembly of a ball point pen, This
was a two-handed operation for which the work-place was established in
such & way as to enable the hands to utilize simmltaneous motions while
performing the assembly operation., This enabled the cperator to assemble
two penz per aycle.

The first stuly, conducted by Lind (21), was an analysis of data
obtained by a stop watch time study. The operation was broken dowm inte
twolve elemsnie as defined below,

1. Oet barrel

2., Place barrel in fixture

3. Get writing unit

ke Place writing unit in barrel ,

5. Get drive mut



8. Place drive nut on unit

7. Cet ferrule

8. Place ferrule over drive nut

9, Get complete wnit from fixture

10, PFlace complete unit in staking device

11, Stake ferrule to secure assembly and remcve from staking
device

12, Aslde assembled unit to container.

These ssme ecloments wers maintained by Taft {22) in a micromotion
study recommended by Lind in his thesis. In this second study, hereine
after referred to as Study B, the film analysis revealsd significant vare
iation in the method of different operatars in performing the first and
lust elements of the cysls. For this ressen, these elements were exclud-
od and a modified cycle time was obtained for the modified cycle composed
of ten elements, Subsequent stulies have retained this wmodified cycle
time as the basis for analysis.

Thase first two studies revealed that the work-time distribution
for all the operators analyzed were positively skewed, It was recommsnded
that further studies be made to determine whether or not there is a dis-
tribution pattern that would typify the work-time distributions for oper-
ators performing manual operations,

Friedman (23) tested the hypothesis that %, . . . there is & worke
time distribution pattern which will typify the statistically stable dis-
tributions of operators performing short cycled manually controlled opera-
tions,.”

In the thesis based on his study, Friedman concluded that the




characteristics of the theoretical work-iime disiribution were as follows:
l. It diffears significantly from the Nomal Curve.
2, It is positively skewed.
3. Its peaskedness is grezater than thzt of the Hormal Cuwrve,

he It can e reasonably agproximated by a Psarson Type III
Curve.

These results were amended somewhat by Swmers {2L) when he stated
that the elimination of all assignable causes of varlation from cycle time
would resuli in relatively constant peakednsss and skewness. He concluded
that |

This reeuit suggests that the typiecal curve is not necessarily one
of those tested, (Normal, Log Normal ar Fearson Type III) but that
it m&y be another curve with comstant skewness and peakedness, and
that the variance of this curve will be the only independent para-
meter which will influsnce its shape.

Sumers baaéd this conclusion on an analysis of the data of Study
B and Study C. This latter study involved the elimination of aix vari-
ables established as assignable cause variables in a study conducted by
Mcleod (25), He tested stability of the various operators by using X
and S control charts ualng three-sigma limits. The control chart tech~
nique was applied first to the raw data of Study B, amd then the six
variables were eliminated to determine whether ar not the elimination of
assignable causes of variation had any affect on the statility of the
operators. These variables were as follows:

le Fumble during the cycle

2. Drop part

3. Get two unlts and return one to bax




10

4, Inspection delay

5. Bad part

6. Part stuck in stakine device.

The data used in the presemt study was that obbained as a part of

Stmdies B and C,




CEAPTER II
PURPGSE

With the exception of a portion of Brague's exploratory study as
discussed by Davidsonl, previcws work-time distribution research was based
wpon the time required to complete a grow of elements, o a cycle of work.
Part of the reasonming behind the selection of cycls times was given abmz.
Further, the amomnt of work required to maks a thorough analysis of the
slement times for a large number of workers would make such a study pro-
nbitive at the graduate student level, However, the relationship be-
tween the elsments and the cyecle of which these elements ars a part should
be determined in order to cbtain a complete picture of the theory of work-
time distribution.

Therefore, the primary purpese of this study was to analyne the
characteristics of the element distributions in relation to those of the
canplste cycls in arder to test the following null hypothesis:

The element-time distribution charscteristics do not vary signifi-
cantly from the work-time distribution for the cyele of which these
elements are a part.

A secondary puwpose was to make exploratery stulles concerning the
relationship among elements of & cycle in terms of their independency or
dependency. Further, it was desired to inwestigate the possible effects,
on the distribution, of the assignable causes of variation in method, and

‘supra, . 5.

281!1::'&, Pe 5.




ths possible differences in distribution characteristics of the element
times as performed by the right and laft hands as compared to the effective

slement time,




CEAPTER III
PROCEDURE
Jensral Procedure.,~-(enerally, the procedurs followed in comducting this

ressarch involved two amin steps. First, was the preparatary work. This
inciuded the selaction of data and the calculations required to tramslate
thess data into a weabls form., The second step was the application of
aralytical tools, This second step necessiteted the preparation of histo-
grass from the grouped data amd the calculation of the first four moments
of these dlatributions in order te determine what the charecteristics of
the slement distributions were. Further, to detexmine the nature of the
theoretical curve which fypified the distributiors, the element time dis-
tributions were fitted to the ¥ermal, log Normal and Pearaon Type I1I
curves. Finmally, to test the hypothesis stated sbove™
centage histograns were plotted for normalized element and aycle t}ma.

» cmmulative~per-

Data Sehctdanwrar this study, data far one operator waz selscted on
the basis of two oriteria, First, only stable ecperators were considersd,
and second, in order te cbtaln valid results, the data on the opsrater
which would furnish the largest ssmple sise for the elsment tines were
selscted,

To fulfill the first criterion, the results of the analysis of
Mcleod (25) wers analyred, He found that, in additioen to statistiocal

lﬁm&- 1.




stability as indicated for three-sigma limits on the contrel charts,
cperator Q exhibited a production rate which was not exceeded by any
other cperator. The data for operator Q also furnished & sample size

of Th observations with ths variables excluded, and 9 observations with
the variables included. Simce this sample size was greater than that of
any other cpersator, thess data were selscted for the study. Selection
on the basis of the above two criteria tended to randomize the effects
of other factors which might have affected the selection of the ssmple
to be studied. These included the degree of symmetry of metiona, human
charasteristics of the operatuar, snd thoroughness of film analysis,.

Treatment of Data.,.~The data for operator { was obtained in the form of

fily analysis sheets which listed the elements and the frams counter read-
ing for the end of each element, A sample analysis sheet 1s included in
the Appendix as Figuye 21. To obtain the frame count, hereinafter referred
to as elsmont time, for each element as performed by the right and left
hanﬁa, the counter reading for one element was subtracted from that of the
preceeding element.

The modified cycle tims used in previous studies was defined as the
time from the beginning of the second ahmﬂt in the cycle to the end of
the eleventh element., This was, in effect, & composite time for the cycle
a3 performed by the right and left hands, In order to make a valid come
parisen between cycle and element tiams it was necessary to compute an
olamant time which would be a composite of the time for both hamis. There-
fore, the effective element time which was defined here as the time from
the end paint of one elsment to the end point of the next element for
either hand was determined.




To compensate for the difference in level of performance of the
operator during the periods of the shift when the eight "shots" were
taken, it was necessary to level ths individual element times to a grand
sverage for sach element, 7o do this a mesn element time for sach Mshot
was calculated and the mean for all “shots" was then determined, This is
equivalent to dividing the sum of all elsment times by the total number
of elsments, and was termed the calculstion of the element grand average.
The individual elsments within each "shot" were then leveled to this grand
average by applying an algebraic addition factar of the magnitude of the
difference between the "shot* average and the grand average te the slement
times within each "shot", The calculations required to obtain thess level.
ed times, to be known hereafter as Study D, are indicated in Figure 22 in

the Appendix.

Elsment-Time Frequency Distributi ong.--In arder to determine the relation-

ship betwsen the element times of the right and left hands and the effece
tive element time, histograms were plotted from the frequsncy distributions
for each element, The interval used in the frequency distribution was ob-
tained by rounding off to the nearest whole number the solution of the
formula, |

R

I ,
1+ 3.322 g N

whore I is the cell width or interval, R is the range of observatioms for

2'?Shat“ was the tern wsed by Taft in referring to the grow of ten
to tmelve consecutive oycles which were incluled in each of eight fila
shots of each operator taken at one how intervals during the shift.




the elament times, and N is the smmpls sise. The frequancy datributlens
sppear as Tables 5 and 6 in the Appendix,

The histogrems for Stuly C, variablss excluied, and Stuly D, lsvel~
od slewent times, were plotted. The effect of the six variables listed
Previously was st\:dud'hy superisposirg tht elsmgnt-time frequency dis-
tributions for Stuwdy B, variadblss incluiad, on the histograms of Study C,

M.—-&m the tsbulations obtained from the grouped data, the first,
second, and third moments, (the mean, variance, ani skewness) far each
distribution were caloulated as shom in Figwe 23 in the Appendix. The
statistic "a%, mean deviation divided by standard deviation, was calcoulat~
od as & measure of peskedness for each distribution, This atatiatic was
used in place of the fourth mament, due to the sample siss which was less
than the 200 mindwum recommerded for the fourth mament.

The Coefficlent of Variatiocn was caleulated for each of the elements
and cyoles far Study ¢, wadjueted data, and Study D, leveled datr, using
the formula,

Coefficlent of Variation o Jtendand Deviation . 09,

Gurve-Fitting.~The element-tine distributions for sach elemsnt of Study c,
wadjusted data, and Study D, leveled data, were fitted to a Normal curve
having the formuls,
2
T
and tested for goodness of fit by the use of the Chi-Square test. Sample
caleulations are showm in Figure 2L in the Appemdix. %The probability level
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of the fit waa obtained by the we of a nomograph (26) which showed prob-
ability lavel as a function of the valus of the Chi-Square distribution
and the degrees of freedom.

The elemsnt~time distributions four each element of the two studies
were fitted to a Log Narmal curve by tranalating the time intervals in
terms of logaritlms, and "t" values were wed to enter the table of areas
under the normal curve (27). They were tested far goodness of fit by the
use of the Chi-Square test, Sample caleulations are shown in Figure 25
in the Appendix. The probability level of the fit was determined by the
use of the nomograph referred to abowe.

The elemant-time distributions for Studies C, madjusted data, and
D, leveled data, were fitted to a Pearson Type III curve which has the
formula,

%
./ A
Ya?¥, (1+?-;2t)—-’5§-1 e 3 |,
=
3

where 0(3 is the skewness. "TI" values were used to enter the tables (28)
which show the area under this cwrve., The Chi-Square test was then used
to test for goodness of fit. Sample calculations are shown in Figure 26
in the Appendix. The probability levnl of the fit was determined by the

Comparison of Element and Cycle Characteristics.--The cycls dlstribution
characteristics for operator Q as determined for Study C, unadjusted data,

were cbtained from the results of Sumsers' (24) investigation. The charac-
teristics of the cycle times for operator Q as determinsd for Study D,
leveled data, were obtained from the results of an investigation being
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conducted eencwrrently with this stuly by Wilson (29) in the preparation
of his Master of Sciance thesis.)

In opder to obtaln a valid comparison between the characteristics
of the cycls and the elements which make up the cycle, the cycle and els-
ment times were normaliszed by dividing the di fference between the actual
elament time and the aversge time for that element by the standard devia-
tion of the element distribution. Sample calculations are shawn in FPige
ure 27 in the Appendix,

Dixon (30) indicsted that it was pessible to predict, by means of
confidence intervals, haw clese the cumulative distribution of a asmple
gould be sxpected to be to the cumulative distribution of the population,
This was & non~parsmetric test which inwolved enly the reasombls assump-
tion that the cwmlative dgtributien function oosmen to the two popula-
tions be continucus. The Z scores, wmﬂndvﬂwz of the cycls times
as caleulated above and inclwied as Tables 7, 8, 9 and 10 in the Appond:!.x,
were plotted along the abscissa and the amtiwneﬁtm frequency
was plotted along the erdimate., This plot represented a cumulative-per-
sentage histogrem of normaliged time values of the ¢yole. This histogran
was used as the centerline for the band giving a confidence interval of
9% percent which was determined by the we of the fermula,’

c. I.,l-'ﬁ,

3g11son's study is being conducted to determine the effest on
mb-:::p & stribution of removing the "level of perfarmimse” varisble
from m.




where C. I, was the confidence interval, and N was Lhe sample size. The
validation of this formula was found by referring to the article by Dixon
(31) which appeared in Volume 11 of the Amnals of Mathematical Statisties.
On this same set of coordinmates, the normalized element times were
plotted in the form of a cumnlative-percentage histogram. If the element
cizmlative histograms fell within the established confidence interval, the
moments of the distributlon, with the exception of the mean and variance
which were neutralized by normalizing the data, could be considered similar,

Test for Elsment Independence.~-Davidson (34) suggested the following as

& means of determining whether or not elements were indspendent.

e o o if the elements are indepandent we know that the total cycle
variance will be equsl o the suz of the element variances. . . «
In other werds, a comparisen of total cyele varimnce with the swm
of element variances provides an indication of whether ar not there
are appreciable interastion effects amemg the element times,

Consequently, this test was performed for the date of both Study C, un~
adjusted data, and Study D, levelsd data, The sum of the element vari-
ances and the cycle variance were tested at the 95 per cemt confidence

level for significant difference, The statistic F determined by the

formula s

2
- L

o

where 312 is the sum of the variances of the elements anmi 322 is the var-
iance of the c¢ycle, and the Fisher distribution were wed for this test.
The calculations required are shown in Figure 28 in the Appendix.




CHAPTER IV
DISCUSSION OF RESULTS

Element~Time Frequency Distributi ons.-~Ko conclusive results could be

obtained from viswal analysis of the histograms for the element times,
which appear in Figures 1 through 10, This was due tc the uneven appear-
ance of the histograms and t¢ the lack of apparent trends in the histo-
grams, The uneven appearance may have resulted from the limitations which
ware placed on the data on which they are based. In order teo cbtain a
meaningful histogrem the sample should consist of at lsast 100, and prefer-
ably 200 ¢bssrvations, There were cnly 7h observations in Stuiies ¢ (une
adjusted data withoub varisbles) and D (leveled data), There were 5 obe
servations in Stuly B (wadjusted data with variables incluled).

Comparison of the histograms of the right and laft hand, and effec~
tive alemsnt time revealed no exceptional differences., If there was &
trend toward similarity, it was between the histograms of the effective
times and the times for the left hand. However, this was not conclusive,
When the histogrums were grouped 1:;% elements secording to the therbligs
required to perform the elsment, ntti« difference in the results was not-
od. The one characteristic which was ccmmon to &1l the histograms was the
evidence of positive skew, This similerity will be discussed in greater
detall in the .mtion headed "Moments .

The elemsnt times from cycles sontsining methods variations were
plotted on top of the hiztograms of madiwmted times. Reference to these

R it S a0
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histogrems will shew a generel smoothing out of the shapes of the histogrem
when these times were included., This smoothing effect conld coms from two
possible sources, First, inclusion of these twenty times in the distribu.
tions oreated a saaple size of 54 which was clossr to the recommended aini.
nun for preparation of histograms, Consequently, this would tend te form
a mare characteristically simped histogrem. Second, and the implieation
hore was considerably more lmportant, it was possible that this smoothing
effect was caused by the absence of interastion smeng the elements, Uau-
ally a fumble, a dropped part or similar varisble occwrred during ealy
one alement of the cycles. If the theory of intersction ameng elements of
a cycle were correct, this would mean that at lsast the preceeding and
succeeding element times, and possibly the times for other elements would
be affected. The range of the hlatogram, o the difference butween the
minimma and maximum times, should be increased if the time far an element,
which had been in¢reased by the presence of & vardable, was incluied in
the data, By the same ressoning, if the succeeding eloment time were
uhemmwt!a operater (Lo cospensate for the extra time taken in the
previous elsment), it would be expected that this time would be lass than
the averags value for that element, If this occurred frequently enough,

& revarss, or negative skew should tend to appear in the histogram. As
evidenced by the smoothing effect on histogram shape by incluling the
varisbles, and by the sbsence of any sdditicnal skwwing, this was not the
case in the present study. This alone is nob enocugh evidencs to reject
the theory of element independence. 7Ths grouwping of element time into
cells reduced the efficiency of the histogram as a test for this type of
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hypothesig, A mors rigorous test would be required te investigate this
possibility. However, there was encugh evidence to make further study
of this possibility wortimhile,

For purposes of further analysis the elements were grouped accord.
ing to the therbligs required to perform the elszent. These which invalved
transport expty, selsct md grasp were classified as "get" slements and
those which required trasport loaded, position, assemdly ani relsase were
classified as "place® elements, This analysis was slso inconclusive as
evidenced by the fact that elements two and four were quite peaked, while
tiis peakedness was less pronounced for elements six and eight which were
also classified as "place® slements. The abssnce of similarity was also
noted in the case of the Yget” elements. No appreciable difference was
observed in the extent of skewness.

Becawse of the inconclusive results cbtained in the above analyses,
it was decided to exclude the variables in subsequent statistical analysis.
Furthermore, the exclusian of these variables would make the testing of
the primary hypothesis mare dbjective,

One additionsl comparison was made of the histograms. This was
for the purpose of studying the effect of compensating for lave) of pere
formance by ths leveling teclnique explained above as Stuly D. Due teo
the uneven appearance of the histograms, the results of this compsrisen
were alzc inconclusive. However, there was a slight shift along the time
axis of most of the histegrams, Thim resulied im s proncunced overall
negative shift in the maximum value, & less cbvious negative shift in the
minimua value and a slight positive ghift in the modal value, More spe«
cifically, there was a negative shift of the maximum and minimum values
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and a positive ghift of the modal value in element number thres. A nega-
tive shift also occurred in the maximun value of element four, while this
negative shift of the maximum valus with a positive shift of the modal
value recurred in the fifth element. A negative shift appeared in the
mode of ths next two elements with no change in maximum or mirdmum, In
element gix the only change was & negative shift 4in the minimum valus,

The only other change appesred in the tenth element where a positive shift
of both the mode and winimum oceurred,

MNoments .~-A more precise evaluation of the differences between right and
left hand, and effective elesmsnt timws was obtained by the analysis of the
calculated moments for Study C (unadjusted deta) and Study D (leveled data).
Thare was no established pattern as to the relationship samong the calculat-
od mean times for the three values in sither study, ner was there any ap-
parent relationship Letwesn the valuss for Studies C <=2 D, The elament
mean times fer Study C (wmadjusted data with varisbles excluied) and Study
D (lsveled data) were paired. This was done for the effective, the left
hend and right hand elsment timss, A "t* test was then applied to the
pair whose mean times showed the mteat spread batween the two studies.
This was the effective time for element six. At the 5¥ level, there was
no significant difference between the mean time for the two studies. This
lead to the conclusion that there waz no significant difference betwsen
the paired mean times of the two stulles. This appliss to the comparison
between the right hand times, the left hand times and the affective ele-
ment times.

A comparison of the means within the "get¥ and “"place" growpe
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referred to above was equally unproductive since thers was a difference
of approximately equal magnitule among elements within these groups as
there was between the groups,

Mention should be made of the relationships noted in elements ten
and elsven, In both of these elements the mean effective time and that
for the left hand were essentially the same, However, in element number
ten, the value for the right hand was much less than either of those for
the left harnd or the effective time, The value for the right hand mean
time was greater than either of the other two values for the eleventh
elmnt. In all probability this strange relationship may be explained
by the fact that the operatar gave visual direction to the reach and grasp
of the right hand in removing the sssembled mit frem the fixture just be-
fore the staking operation, Thia resulted ir a lag by the left hend, On
the staking element, the cumulative time for both hands mwti be spproxi-
mately equal since both pens were staked at the same time., Any variation
in the cumulative time would have been introduced by a difference in the
time required to disassemble the pens from the staking device., This
aqualigzation of cumulative times for the operation up to the end of ele-
ment 11 would indicate that the right band was required to wait until the
laft hand "caught up® in the performance of the cycle. The difference
between the mean for the right hand and that of the left hand and effecw
tive time was of no special sigmificance in the pursult of the thesis
cbjective, but did provide a gource of possible furiher research into the
relationship between symnetry of motiens of right and left hands and vis-
unal guidance of either hand,

There was no apparent difference among the paired standard deviations
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of the left hand, right hand and the effective element time for each study.
However, with the exception of element s3ix, the standard deviation was less
far Study D (leveled element times) and Study C (unadjusted element times),
It was concluded, therefore, that the variance in element times was reduced
by the application of the leveling factar to account for the level of per-
formance of the operator during the shift.,

With the exceptions as indicated below, the spplication of the lev-
eling factor served to reduce the amomnt of positive skew which was ap-
parent in all distributions. The exceptloms referred to were slements
thm_g‘and eight in which the degree of skew was increased from Stuly € to
Study D. There was littls difference between the skew of the distribue
tions of the right and left hand o effective elsment times, and even the
general decrease caused by the applicatioen of the leveling factor as inw
dicated above was ao small in most caser that it is dovbtful if a rigorowm
test would reveal significant difference in the siewness,

Generally, the "a® values indlcated that the distributicons were
more peaked than the narmal curve, There waz no particular difference in
the degree of peakedness for the elements either between studies, unad-
Justed or leveled element times, or in the camparison of the three vulues
within each study.

Table 1 summarises the four moments of all disiributions atudied.
For subsequent analyses only the affective element time was considered.

Curve-Fitting .~For Study ¢ (unadjusted element timea) the slement dis-
tributions fitted the Normal curve at a probability level of 1,3 per cent

or less, This compared with a £it te the Nomal curve for the modified




Table 1., Sumpary of Statistical Moxents for Study C
(Unadjusted Element Times with Variables Excluled)
and Study D (Leveled Element Times)

36

Element Mean () Standeard Deviation

and (0%

Study IH Y .45 4 IR RH 444
20 27.081  27.771 27,000 5.052 5,898  L.980
2.D 26.6k5 27,659  27.050 L6586 S.772 h.980
3-8 19.636 19.148  19.932 5.3h42 S.J3F  B.5k6
3"'D 1906% 190369 30.05!1 h.338 ho%e h.m
li=G 39,218  h1.2L5 10,365 9.325 10,635  9.150
h"'b 38 0360 blcwo hﬂ 0559 8')815 90935 9-125
S 17.592 15,603 16,173 k.,581 haiol L.638
&l 50,500  L8.205 52,080 11455 10,915  10.785
&=D 50480  hB.hSS  L9.200 11,515 10,990 11.075
7=-G 16.878  16.636  17.690 3.538 ha300  L.hk7h
7=D 15.87h 16.794 17.686 3.L82 3.872 L4290
80 25k 21,312 2.716 L1210 .09 5,888
8D 25,388 21.306 2L1.686 L.220 3.08 4,080
Sl 8.h713 8.%07 8.320 1,890 5,196 1,840
9~D 8.809 8.577 8.199 1.779 2.537 1.752
10-0 23,496  15.522  23.lhk2 3.80k 2,380 3,776
10-D 23.632 15,036 23.578 3.726 2.278 3,698
i B 30.820 46,090 32.375 6.L1715 7.610 6.490
11D 30,755  L6.0S0 132,580 5.705 6.915  6.160

ILH « left hand element tims.
RH - Right hand element time,
EFF - Effective elsmsnt time,
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Pable 1, Summary of Statistical Moments for Study C
(Unadjusted Element Times with Variables Excluded)
and Study D (Leveled Elemant Times)

{Continued)
Element Skewneas (V" )* Peakedness (a)**
and
Study 18 RH RFF 18 RH EFF
2.C 1,150 1.1k 0.833 0.761 0,78, 0,798
2-D 0.969 0.906 0.673 0,76k 0,786 0,798
3.C 1.037 0.549 0,987 0,819 0,793 0,798
3D 1,145 0.333 1.142 0.7Th 0.7569 0.790
b 1,669 1.68% 1.768 0,686 0.726 0.709
LD 1,603 1.32) 1.154 0,686 0,754 0,733
5l 1,718 1.8k 1.916 0.757 0,732 0.771
8D 1488 1,517  1.666 C,75k  0.772  0.719
6-C 1.096  0.969 1,045 0,772  0.793  0.879
6-D 1,043 0,928 0.999 0.780 0.77h 0.793
Yo 1.517 1,604 1,317 0.720 0.727 0,735
7 1,310 1.313 1,316 0.748 0.769 0.7h7
B0 1.131 1.108 0.L73 0.736 0.7h8 0.521
8-D 1,229 1,001 1.253 0.756 0,757  0.726
Gl 0.58h7 2,570 0.836 0711 0311  0.738
9=D 0.485 2,523 0.842 0.757 0,632 0.719
10 2.513 1.964L 2,596 0.625 0.672 0,615
10-D 2.247 1.610 2,326 0.642 0.7l  0.62%
11-C 2.139 1,278 2,142 0.73L 0,788 0,723
11D 2.000 1,002 2,000 0.7 0.776  0.699

IH - left hand eloment time.  “Normal cwrve value for V » 0.0
RH =« Right hand element time, **Normal curve valus for a o 0,797
EFF « Effective element time,
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¢ycle distribution far the same opsrater of 1,0 per cent as reparted by
Sumers (2). This indicated an equally pecr fit to the Normal curve
for both the elsment ard cycls time dstribuiiens.

For Study D {lavelad element times) a slightly better fit was ob-
tained for the slement distributions, This is probably sccounted far by
the reduction in skewness reparted far the application of the leveling
factor to the element {imes. The probakdlity level of this fit to the
Normal curve ranged fram O,1 per cent to 2.5 per cent as compared to the
probability level for the cyecls, as reparted by Wilson (29), of 5.7 per
cent, : The highest probability lewvel for ths element distributions was
well below that for the cyole and was conaidered to be a very poar fit,

The fit of the element distributions to the Log Normal curve was
found to be mush better than the fit to the Normal cuwrve for most of the
elemsnts, The probabllity levels in Stwiy C ranged from 0.0 per cent for
two elemerts to L8.0 per cent, The probebility lsvel for the cyole was
6,0 per cent. In Study D (levelad data) it was found that the slement
dlstributions Fitied the leg Wormal curve with probaldlity lsvels ranging
from 0,22 per cent to 18,0 per cent, The probabllity levsl for six of
the element distributions was at or above 9,0 per cent which indicated a
fairly good fit, The probablility level for the cycls was noted to be
15.0 per cent,

The £it of the element distridbutioms to the Fearsocn Type III curve
was not satisfactory aince the skewness of the fowrth, fifth, seventh,
tenth and eleventh slements way greater than the maximum skewness valme
in the Pearson Type III area tables. lHowever, for those elaments which
could by fitted to this curve, the probability level was above that for
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the Log Normal in five of the nine fits of the Pearson Type II1 curve,
Study D results were better than thosse for Study C. Again, the reduction
in the amomnt of skew as a result of compensating for the level of pur-
formance probably accounted far this since a lower value of skewnsss allow-
ed the use of the Pearson Type III ares tadblas,

The results of the comparison of elsment and cycle distribution fits
40 the three curves indicated some similarity in the characteristics of
these distributions since there was a tendency for the element distribu-
tions to fit the three curves in a similar way., There was a poor fit to
the Normal curve for both element and cycle time distributions, and a fair-
1y good f1t to the Log Normal curve. & good f1t to the Pearson Type ITI
curve was obtained for these elemsat and cycle distributl ons which could
be fitted. The skewness of eleven elements was too great to allow this
curve fit. There is some doubt, however, as to whether any of these curves
typify the theoretical element-time distiribution, The above resulis are
summarized in Table 2.

Comparison of Element and Cyele Characteristicg.—einslysis of the cumula~

tivo-pémentagp histogrems of the comparisen of Z scores for element and
cycle times indicated a similarity between element and cycle time distri-
bution characteristics. For the uadjusted elsment times 1t was found
that 'Bhem were three pointsz outside of the confidence intervals, There
was one point out of 20 for element three outside the interval, one palnt
out of elavan in element nine and ome point out of 20 in elsment 11 out-
gide the confidence interval, It was felt that considering the nuiber of
slsments and points within elements which were plotted, there was net
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Table 2, Susmnary of Curve-Fitting Results
for Study C (Unadjusted Element Times)
and Study D (Leveled Element Times)
(Probability of Fit in Per Cent)

Elesnent
and Normal Log Normal Pearson Type II1
Study Curve Curve Cuxve
2l 0.0 6.6 2.2
2-D O 10,0 15.0
e 0.0 0,06 0.15
3D 1.k 13.0 37,0
huC 0.0 0.19 —
bi=-D 0,0 0.3 e
Sl 03 28,0 -—:
S“D 0 -15 9.0 T—-——
60 0.07 18.0 1.0
6D 0 12.0 57.0
7-C 0.55 Lt.0 | —
7D 1.6 40,0 ———t?
8-C f_ 0,045 2.2 0.5
M 2 Is 16 .Q “—*
P 1.3 0.0 3.5
) 1.5 0.22 1.2
10«0 0.0 G.03 P
10-D 0,05 2.8 e
11-G 0.0 0.0 —
11~D 0,01} 1.3 et
C-C** 1.0 6.0 3,0
(R el 5.7 15.0 20,0

*Indicates that vaius of skewnass is above the maximum value
gshown in area tables,

*¥c<C ~ Cycle curve fit, Study C.
e - Cycle curve f£it, Study D.




enough evidence to say that the element-tims distribution characteristics
varied significantly from thoss of the work-time distribution for the
cycles of which thess elements were a part. This conclusion was also
supported by location of the points which were outaide the confidsnce
interval. Reference to these histograms revealed that these three pointe
would fall within the confidencs interval if a higher level had been
chosen.

The analysis of the plot of the laveled data of Stuly D revealsd
" no points ouvteide the confidence interval, Therefore, the mull hypothesis
stated in Chapier IT was sccepted for this study. The results of these
tests ars shown in Figures 11 throvgh 20, In view of the slmilarity withe
in the groups of the "get™, and "place” elements, a cumulative-percentage
l;iatogrm was plotted for all of the "get® elements, one fﬁ' all of the
*place" elemsnts, and one each far the other thres elements,

Test for Elemsnt Independance ..~Tabls 3 shows the result of the addition

of elsment variances for the test of element independence. At the 95 per
cent confidence level it was found that, for Studies C, unadjusted dats,
and D, leveled data, thare was no significant difference between the sum
of the element varimces and the e&cla variance. This result was an indi-
cation of independency of elsmemts, but more rigorows tests would mave to
be nade to cbtain assurance that this was true.

Tabla L shows a comparison of element variance and the Coefficient
of Variation with the slement mesn tims arranged in order ar magnitude
from the maximus valus to the minimum valus. Analysis of this tsble re-

1

vesled that the conclusions of Abruzei”™ ware not fully verified by the

Isupra, . 5.
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Table 3. Ceaparisen of Elemernt amd Cycla Varimce

Study C Study D
Element Yariances Varianoes
(Unadjusted Times) (levelad Times)

2 2h.80 21.80

3 30,76 23.64

h 89.30 83.26

5 2h.62 21.51

6 116.32 122,66

7 20,02 18.40

8 34,67 16.65

9 3.38 3.07
10 1h.26 13.68
1 12,12 37.5k
Cycls )02 .80 388,09
Element Total 1400.25 365 .61

Par Cent Difference 0.63 5.79
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Table L 2 of Klement Varisnce and Cosfficiant of
ariak ity

v with the Elemsst Nesn Time-Study C
(Unadjusted Timws)
-
Ko, Time (0% Variation

3 52,080 116,32 .9

k 10,368 89.30 23

n 32,078 h2,22 20,0

2 27,000 24,80 18,4

0 24,716 .67 23.8

10 23.hil2 11,26 16.1

3 19.932 30,76 27.8

7 | 174690 20,08 B2

5 15,20, 2hJ62 306

9 22,1

8.320 3.8




Table L. Comparison of Element Variance and Coefficient of
Variability with the Element Mean Time-Study D
(leveled Times)

(continued)
Effective Coefficient
Element Mean Element of
No. Time Variance Variation
é 49.200 122,66 22,8
4 40,550 83.26 2.5
n 32.580 37.54 18.9
2 27.050 2,80 18.k
8 2h 686 16.65 16.5
1&‘ 21.578 13.68 15.6
3 20,06 23 .64 2.2
T 17.686 18.10 2h.2
5 16.173 21.51 28.6
? 8.199 3.01 21.3
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presernt ressarch, He found a direct relationship between mean time and
variance and an inverse relatlionship between mean time and Coefficient of
Variation. The evidence hers indicated that there was a direct relatiom.
ghip betwaen mean and variance, However, there does not appear to be

any relationship batwesn the mean and Coefficlent ef Variatlan.

In the present study it way found that the Coafficlent of Varie
tion for the elements was greater than that of the ¢yels. The Cosfficient
of Variation renges from 15.6 to 30.6 while that of the cyols far this
operator waa 8.0,
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CHAFTER V
CORCLUSIONS AND RECOMMENDATIONS

Previows investigations of work-time dastributions have been con-
fined to the consideration of cyeles time., The present study was an in-
vestigation of element-time distributlien characteristies. The primary
abﬂoctiw was to detomine the relationship between the elements and the
cycles of which these slements are a part. The results of this study
:!.n@feate that the characteristics ere similar for element and oyeles time
di;trlbuﬁom. A secondary objective was to make a preliminery axﬁlysia
of the interaction of elementas. No evidence was found of elsment inter-
dlpéndenca. |

~ The hypothesis tested was that the characteristics of the element~
timé distributions do not vary slgnificantly from the characteristics of
the wark-tim digtribution of the cyvle of which these elomsnta are a
part. On the basis of the results of this study, the hypothesia can be
asccepted. The cheracteristics mnsi:dored were the mean, varisnce, skew-
neas and peakedness of the distributions. There was no evidence of sto-
tistically significant difference between the skewness and peakedness of
the element and cycle time dlstributions. This conclusion was bhased on
the results of a nonparanetric test which compared the characteristics
of & sample and the population., At the 95 per cent confidence level the
skewness and peakedness of the elemerts, or sample, were similar to those

of the population as represented by the cycle.
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Thers was ne reason to test the mean and variance of the distributions
since these characteriaties would be inhsrently different due to the dif-
ference in the time for completing the elements and the cycles.

The results of fitting the element distributions to the Normal, Log
Normal and Pearson Type III curves indicate that the Log Norual cuwrve is
gensrally the curve of best fit, However, thare was a high probabllity
level foar the fit of part of the distributions to the Pearson Type III
etﬁﬁ. The valus of skewness of the remainder of the diatributions was
too great to allow a fit to this curve, The probabllity lewel of the fit
totha Normal curve for all elaments indicates a very poor fit, Conse~
qﬁﬁﬁy, there 1s not enongh evidence to say that any one of these curves
typifiss the theoretical element-time distributiens.

' If the performance of the operatar studied in this research ¢an be
em::widemd typical, it can be concluded that the Normal curve does not
typify the theoretical curve of element-time distributions, Further, it
would appear that the theoretical curve would be positively skewed and
touﬁ_ have 2 peakedness scmgwhat greater than that of the normal curve,
In view of the similarity betwsen the characteristics of the element and
cycle time distributions, the ssme conclusions would be trus for the cycle,
This agrees with the previously stated conclusions of Suwmers (2h) and
Friedman (23).

The present study was conducted for only ome operatcr performing
a shart-cycle, assembly opsration. Further, the apparent high motivation
level of this operator may not be typical of the average industrial worker.
In view of these two limitations, further research should be conducted in
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ordsr to generalize from these conclusions. Consequently, it is recommend-
od that motion pictures be taken of a numnber of different manually con-
trolled operatiens. 4 sample of the parfommance of a number of cperatars

on each operation should be obtained. Enough film should be taken to in-
sure an adequate semple sizs for valid interpretation of the resuits of
statigtical analysis. The element and cycle time distributions of the
sappls thus cbtained should ba anzlyzed in order to compare the charac-
teﬁatica of the elemenis and the cycles. If the characteristics provs

to be similar, then the cycle distributions should be treated mathematically
to obtain the curve of best fit,

- The gensral charscteristics of the theoretioal curve of the work-
tim.diztributim have been well defined by the results of the research
conﬁucted under the supervision of Doctors Lehrer and Moder. It would
appear that these characteristics should be converted to a mathematical
for&ﬁh which would define this theoretical curve. If ona typical curve
can be eztablished by the ressarch suggested sbove, this need for a more
clearly defined theoretical curve would be partially fulfilled.

The reasuite of a number of studies, notably those of Barmes and
Mundel (3), and Abrussi (2), indicate that there is interaction among
elemants, The possibllity of interaction among the elements analyzed in
the pressnt research was studied. The results indicated that there is
evidence of element independence., This conclusion is based upon the
resulta of malysis of histograms and of & "t" test of the difference be-
tween the cycle variance and the sum of the element variances, Histograms
were plotted for the distributions of element times with deviations in
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method of performance excluded. The element distributions with these
deviations included were then superimposed upon the original histograms.
Aralysis revealed evidencs of element indepsndence. This conclusion was
substantiated by the results of the "t" test. At the 95 per cent confi-
dence lavel no signi fcant difference was found,

Therefore, it can be concluded that elsments similar to those de-
fined in the present study and measured in time intervals of 1/2000 of a
minu‘_ﬁ wonld be independent, These results tand to support the conclusions
of Abruzei (6) who stated that element indspendence masy be conmtingent upon
the time measurement method and the motions which camprise the element.

. In the present preliminary research, one operator performing a
single activity was studied. Further, the maximm sample size of 9L cbe
servations wes below the recommended minimwm sauple sise far histogram
anaiyﬁia. In view of thase limitationa, further research would have to
be c&aducted to determine whether or not these conclusions are irue for
all manuslly conbrolled activities. Consequently, it is suggested that
the ressarch recommended above be expanded. The daba obtained in this
new study should ba tested by one of the multiple correlation techniques
to determine the extent of element interaction.

The relationships between the mean time amd the variance, and the
mean time and Coefficient of Variastion for the elements defined in this
research were studied, The results of a visual comparison of these values
revealsd that the element variance tends to vary directly with the mean
time, Howaver, there appeared to be neither a direct nar an inverse

relationship between the mean and the Coefficient of Variation. From
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these results it may be concluied that for these elements, the direct
relationship between mean and variance found by Abruzzi appears to be
true. However, the lnverse relationship which he fount between mean
time and Coefficient of Variation is not typical of the relationship be~

twaen these valuwes for all activities.
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Tabls 5, Frequency Distributicns Prom Stuly B (Varlables
Included) and Study ¢ (Variables Excluded)

Elemsnt 2
Element Times LB-B 1E-C RE-B RE-C EFF-B EFP-C

(in Frames)
16.5-19.5 1 1 1 1 1 1
19.5-22.5 18 13 13 9 13 10
22.,5-25.5 21 17 28 2L 33 26

25 ,5-28.5 26 2 17 13 15 12
as.5~31.5 9 5 17 12 17 13
31.5-3k.5 9 8 5 k h 3
34.5=37.5 7 é 7 6 8 i
37.5-40.5 1 1 1 1 1 1
LOuS=k3.5 1 1 3 3 1l p
43.5-h6.5 0 0 0 ) 0 0
b6 ,5-09.5 i} o 1 b} 0 0
49.5-52.5 ] 0 0 0 0 0
52,555,585 1 0 0 0 0 0
55.5+58,.5 0 0 0 0 1 0
58.5-61.5 0 o 1 0 0 0
Totals 9 7h 9k 7h oh 7h

- LE<B - left hand, Study B LE-C - Left hand, Study ¢

RE-B - Right hand, Stuwdy B RB-C - Right hand, Study C
' EFF-B ~ Effective, Study B EFF-C - Effective, Study
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Tabls 5. Prequency Distributions From Study B (Variables
Included) and Study C (Variables Excluded)

{continued)
Element 3
Rlemsnt Times LR.B IR RHE-B RE=C EFF-B EFF-{
{in Frams)

3.5-5.5 0 0 1 1 0 0
5e5=7.5 0 0 0 0 0 Q
7.5-9.5 0 0 0 0 0 0
945=11.5 0 0 0 0 0 0
13.5+15.5 20 15 20 15 22 17
15,5-17.5 21 17 15 12 13 n
17.5=19.5 1l 9 16 11 ik 8
19.5«21.5 9 7 13 1 16 1,
2L.5-23.5 9 7 L 2 i 2
23.5=-25,5 - 5 2 7 6 6 L
25.5+27.5 6 6 6 6 9 9
27.5-29.5 é 6 2 2 ? 2
29,5-31.5 0 0 1 1 1 1
"31,5-33.5 1 1 2 1 1 1
33.5-35.5 0 0 1 1 1l 1l
35.5~37.5 1 0 0 0 1 0
37.5-39.5 1 1 0 0 1 1
Totals 9k Th ok Th ol Th
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Table 5, Frequency Distribution From Study B (Variables
Included) and Study C (Variables Excluded)

(continued)
Element L
Element Times LB-B LA~ REH.B RH.C EFP.3 EFF~{
(in Franes)

25.5-30.% 8 7 3 2 3 2
30.5«35.5 29 20 26 22 26 21
35.5-40.5 33 28 32 2k 36 29
L0.5=h5.5 9 8 15 12 13 10
148 .5=50,5 6 h 5 3 5 3
50,5-55,5 1 0 3 2 3 2
«5=60,5 2 2 3 3 1 1
60,565 .5 3 2 2 1 L 3
65 ,5-70,.5 3 3 3 3 2 2
70575 .5 0 0 1 1 1 1
75 ..5-80,5 0 0 1 1 0 0
oh 7h 9k Th

2
-3
=




Tabls 5. Frequency Distribution From Study B (Variables
Included) snd Study C (Variables Excluded)

(continuved)
Element 5
Element Times LH-B LB-C RE-B RE-C EFF-B EFF-C
(ip Frames)

8.5-11.5 3 1 10 8 8 7
1N.5-14.5 20 15 38 32 33 26
1 .5+17.5 32 28 17 15 21 13
17 5+20,5 13 12 12 9 13 10
20,5+23.5 13 10 10 6 12 8
23.5-26.5 9 é 2 2 2 2
26.5-29.5 0 0 1 0 1 0
29,5325 1 1 1 i 1 1
32 -5"'35 QS 0 0 l 0 1 0
35.5«38,.5 1 0 1 1 0 0
38,5«l1.5 - 1 1 0 4) 1 1
L1 Gmlils o5 1 0 1 0 1 0

' 9 7h ok 74 94 7

Tatals




Tabls 5. Frequency Distribution From Study B (Variables
Included) and Study ¢ (Variables Bxcluded)

{continued)
Element 6
Element Times LH-B LH-C RH-B RH-C EFF-B EFP-C

(in Frames)

' 30.,5-35.5 2 2 s kL 1 1
35.5-40,5 12 11 19 15 18 16
LO.5~45 .5 20 18 22 18 23 19
15 .5-50,5 16 10 13 12 1L 11
50555 .5 16 14 1 é 13 9
55 .560,5 9 é 8 7 8 7
60,5655 8 7 5 5 s L
65,5=70.5 2 1 L 2 L 3
70.5=75.5 2 1 3 3 3 2
7545805 2 2 1 0 2 1
80,5«85.5 2 1 1 1 1 1
85.5-90.5 1 i 1 0 0 0
90,5-95,5 2 s} 1 0 2 0
Totals ok Th 9l 7h 9y ™
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Table 5, Frequency Distribution From Study B (Variables
Included) and Study C (Varisbles Excluded)

(continued)
Elexsnt 7
Elsmert Times LH-B 180 RH-B RE- REFF-B EFF-C

(in Frames)

8,5-10.5 1 0 0 0 0 0
10,5-12.5 4 L 8 7 3 3
12,5145 19 15 21 1% 20 15
1k ,5~16.5 23 16 31 26 20 17
16.5=18.5 25 22 1 1 19 16
18.5~20.5 1k 11 2 2 12 9
20,5-22.5 2 2 3 2 5 5
22 .,5~-2h.5 1 1 6 5 2 2
2h.5-26.5 4) 0 3 3 2 2
26 .5-28,5 3 2 0 0 5 3
28.5-30,5 0 0 2 1 0 0
30.5-32.5 2 1 0 0 2 1
32.8-34.5 o 0 1 1 1 1
3ha5-36.5 0 0 0 0 1 0
36.5-38.5 0 0 1 0 0 )
L6.5-48.5 0 0 1 0 1 0
60.5-62.5 0 0 0 0 1 0
6l Sw66 .5 0 0 1 0 0 0
!‘atah 9 Th ok Th ok 7h




Table 5, Frequency Distribution From Study B (Variables

Included) and Study C (Varisbles BExcluled)

{continued)

Element 8§

68

Element Times
(in Frames)

1H-B LH-C

RE-B RH-C

EFF-B

EFF-C

12 ,5+1h.5
1h 5~26.5
16 05"18 .S
18.5-20.5
20,5-22.5
22.,5+2h.5
2y ,5-26,5

26.5~28.5

2845-30.5
30.,5-32.5
32 !5"3h¢5
3h.5+3645
36.5-38,5
384540.5
10,5245
L2 S=hili.S
bk oB=lib o5

50.5-52.5
'52.5«5k.5

60.5-62.5
6k.5-66.5
72.5~The5
Totals
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Table 5. Frequency Distribution From Study B (Variables
Included) and Study C (Variables Excluded)

(continued)
Element 9

Elemant Times LA-B 1H-C RE-B RE-C EFF-8 EFF-C
(in Frames)

“3.8- h.S

1 1 ) o 1 1

 bu5- 5.5 3 2 1 o} 3 2
5.5~ 6.5 7 6 8 6 8 6
6.5~ 7.5 15 12 19 16 19 15
7.5- 8.5 25 22 26 20 28 25
: .5-» 9.5 17 10 23 20 13 B
10.5—11.5 5 b bk L 3 2
11,5-12.5 1 1 1 1 1 1
12,5-13.5 1 1 0 0 1 1
E.s—-m.s 2 2 2 2 2 2
1 45-25.5 0 0 0 0 0 0
15,5«16.5 0 0 0 Q 0 ¢]
16.5=17.5 0 0 1 1 0 0
17.5-18,5 0 0 1 1 1 0
18.5-19.5 0 0 0 0 0 0
19,5205 0 0 1 0 0 0
20.5-21,5 0 o 1 1 o 0
33.5+34.5 [+] 0 1 0 0 0
h5,5«h6.5 0 0 1 0 0 0
h5-5-h?.5 ] 0 1 0 1 0
Totals s* h 9h Th 9l Th

¥Fram count not indicated on film analysis sheet.




Table 5.

Frequency Distribution Prom Study B (Variables

Included) and Study ¢ (Variables Excluled)

(continued)

Element 10

18-B

Li-C RH-B RE-0 EFp-B

EFP-C

2k 526 .5
26,528,

28.,5-30.5
30.5-32.5
32.5~34.5
31.5-36.5
3,6 ‘5“3 8.5
38,.5.40.5
10.5-h2.5

Totals
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*One value outside the possibls rarnge for inclusion on the histo

gram,



Table 5., PFrequency Distribution From Study B {Variables
Included) and Study C (Variables Excluded)

(continued )
Blewsnt 11
Element Times LR-3 180 RE-B RE-C EFP.B EFF=C
(in Frames)
20,5-25,5 10 8 0 0 2 1
25.5-30.5 sh A 0 0 50 38
30.5-35.5 11 11 0 0 20 18
35.5-40.5 11 9 21 17 ik 11
40.5=h55 3 3 37 20 3 3
li5:5-50,5 1 i 15 12 1 1
B0,5=55 45 0 0 9 8 2 1
55 45=80,5 - 0 0 5 5 0 0
65 45-70,5 0 0 1 1 0 0
Te5=7545 1 0 1 1 1 0
15 5=80,5 0 0 1 0 ) 0
80.5-85.5 0 0 1 0 0 0
Totals 93 Th 9k 7h ok 7h




Table 6. Frequency Distributions Prom
Study D (Leveled Time)

Element Times Elsment 2 Eloment Tineas Element 3
{in Frames) 1§ BRH  RFF " (in Pramws) I RH EFF
13.5.16,5 0 1 0 1.5« 3.5 0 1 0
16.5+19.5 1 0 1
19,.5-22.5 1) 12 13 11,5-13.5 3 3 2
22.5-25.5 2 19 2 13.5-15.5 1 8 8
25.5.28,5 2 ]2 i 15,5-17.5 )1 20 18
28.5-31.5 5 16 14 17 .5-19.5 ¥ 11 1
31.5-34.5 8 8 3 19.5-21.5 1 1 8
34.5-37.5 3 b 8 21.5-23.0 3 6 9
37.5-L0.5 1l 3 0 23,5-25.5 T 5 9
L3.5~L6.5 Q 4] 0 27.5-29.5 2 Q 1l
L6:8-49,5 0 1 0 29.,5«31,5 1 0 1
31 o5‘33 -S O 3 l
33.5~-35.5 1 ¢ 1
35.5-37.5 1 0 1
Totals 7h h 7h Totals h T4 7h

LH ~ left hand
RH ~ Right hand
EFF - Effective




Tabls 6. Frequency Distributions From

Study D {levelad Time)

)
B

{continved)
Elemsnt Times Element L Element Timag Element S
(in Prames) IH RH Ew¥ {in Prames) IH RE EMP
25 .5-30,5 8 L L 8.5=-11.5 2 7 6
3045-35.5 0 17 17 11,5148 15 3 27
35,5-410,.5 2 2 28 1 .5-17.5 2 13 2
Lo.5-45.5 i U & R 17.5~20.5 13 1 9
145,5-50,5 1 k 3 20,5-23.5 7 7 9
50,5-55 .5 3 b 3 23.5-26.5 ) 1 o
55 .5-60.5 1 2 3 26.5~29.5 0 1 2
60,5565 ,5 2 3 1 29.5=32,5 1 0 0
6545-70.5 2 2 3 32,5-35.5 0 1 0
70.5=75.5 0 1 0 35.5-38,5 1 0 1
Totals W Th Totals ™ Th h




7h

Table 6. Frequency Distributions From

Study D (Levelsd Tima)

(continued)

Elemant Times Element 6 Element Times Element 7
(in Frames) IH RH  EFF {in Frames) I RH  EFF
35.5-h0.5 i1 12 16 12 J5~1k.5 13 19 16
EQ,5=-45.5 16 17 16 i 5-16.5 20 18 15
!515 5~50,5 10 W 1 16 .5-18.5 18 13 15

0,5-55,5 15 9 8 18,5-20,5 10 9 10
5L .5-60,5 7 s é 20.5-22.5 L L 7
60,5-65.5 6 1 5 22 .5«2h.5 1 2 3
65,5-70.5 1 1 2 2L .5-26.5 2 2 2
70.5=75.5 1 L 3 26,5-28,5 0 1 1
80,5-85,5 1 1 1 30.5-32.5 1 1 1l
85,5-90.5 1 0 Q 32 .S-Jh -5 o 0 1

* Totals M 1k Totals 7w th 0




Table 6. Prequency Distributions From
Study D {leveled Time)

Totals

(continved)

Element Times Element 8 Element Times Element 9
(in Franes) LH RH  EFF (in Frames) IH RH EFF
~18.5-20,5 3 21 5 Sohe 6.5 6 7 7
20,5-22,5 ¥ 17 1 6.5- 745 9 17 18
'22,5-2 .5 bk 4 s 2 7e5= 8.5 23 23 26
2),.5-26,5 13 9 16 845~ 9.5 15 15 7
26,5-28,5 10 2 5 9,5=10,5 11 2 12
2845-30,5 7 1 [ 10,5-11,5 L 3 1
30.5-32.5 3 2 k 11.5-12,5 l 2 1l
32.5~34,5 1 1 ¢ 12.5-13.% 0 0 +0
3L.5-36.5 1 0 0 13.5-1kL.5 2 1 2
36 05‘3 8-5 1 0 0 111 05‘15 05 0 0 0
38.5-40.5 0 0 2 15 .,5-16.5 0 0 0

’ ’k-o -5’112 . 1 0 0 16 05"‘17 -5 0 1 4]

18 cS"lg 05 0 Q 9
19.5-20.5 4] 1 0
h Th h Totals Th 7h Th
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Pable 6, Prequency Distributions From
Study D {Leveled Time)

{continved)
Blsment Timas Element 10 Element Times Element 11
(in Frames) IH RH  EFF (in Frames) i RH EFP
10.5-12.5 0 3 0 20,5~25.5 6 0 2
12 ,5=1h W5 6 35 0 25,5=30,5 L1 0 3
1l J5=16.5 0 24 0 30,5-35.5 15 2 2
16 o5=l18,.5 0 7 0 3545«040.5 9 12 ?
18,5+20,5 1o 1 10 hO.5=h5.5 1 2 5
20,5«22,5 22 3 22 i5.5=50.5 1 20 1
2,5-2,,5 24 1 25 5045-55.5 o 8 0
2l 5-26.5 8 0 8 55 «560.5 1 s 0
28.5-30,5 1 0 1 65.5-70.5 0 0 0
30.5-32,5 1 0 1 70.5-75.5 Y 1 Y
32.5-34.5 1 0 1
34.5-358,5 l #} 1
38.5-40.5 0 0 0
ko.5-42.5 1 0 1
Total T th Th Total ™ W TH
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Table 7. Cunulative Frequency Distributions of Normalized
Cycle Times Prom Study C (Unadjusted Times with Variables Exeluded)

Normalised Upper Lower

Cycls Cycle Cumulative Cumulative Band- Band.
Times Tine Frequency Frequency Per Cent Beundary Boundary
(in Frames)

235 1,34 1l 2 2.7 18.% 0

238 -1.19 1l T Qi 5.2 e

239 "1 01’4

3k0 ~1,09 I 1l 1.8 30.6 0

2hl -1,0l 1 iz 16,2 32.0 O.h

2h2 . ~0,99 2 1k 18.9 33.7 2.1

2h3 ~0 .91

2kl 0,89 1 15 20,2 36,0 Lk

2§g . =084

2 «~0,79

2h7 «0,7Th

248 «0 69 2 17 22.9 38.7 Ted

29 0.6k 2 19 25.6 Ly 9.8

250 -0,59 1 20 27.0 he.8 11,2

251 © «0,5k k 24 32.h h8.2 16.6

252 ~0.19 2 26 35.1 0.2 193

253 «0,hik 1 27 36.4 52.2 20.6

25h -~0,39

255 0434 3 30 Lo.5 56.3 2.7

256 0,29 1 3 h1.8 57.6 26,0

257 -0 .24 6 37 50.0 65.8 3h.2

258 -0,19

259 ~0.14 h hl L 1.2 39.6

260 ~0,09 kL hs 60,8 7%.6 }45.0

261 -0.04 2 L7 63.5 79.3  h7.7

262 0.00 3 50 67.5 83.3 51,7

263 0,08

264 0.10

265 0.15 2 52 70.2 86.0 Sk

266 0.20

267 0.25

268 0.30 1 53 7.6 87.k 55.8

269 0.35 3 56 5.6 9. 59.8

270 0.40
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Table 7. Cumnlative Frequency Distributions of Rarmallzed
Cycle Times From Study C (Unadjusted Times with Variables Exclwded)

{continued)
Nommalived Upper Lower

Cycle Cycle Cumzlative Cumilative Band- Band-
Times Tine Frequency Frequency Per Cent Boundary Boundary
(in Frames)

271 0.k%

272 0.50

273 0.5% 1 57 77.0 92.8 61.2

27h 0,60 1 58 78.3 9.3 62.5

275 0.65

276 0,70

277 : 0.7% 2 60 81.0 96,8 65,2

2'78 0.80 1 61 g2 98.2 66.6

279 0.8% 1 62 83.7 99.5 67.9

260 0.90 1 63 5.1 100, 69.3

281 - 0495 1 6l 6.1 100, 70.6

25l 1,60 1 65 87.8 100, 72,0

- 295 C 165 2 67 90,5 100, The7

296 1.70 1 68 91.8 160, 7640

257 - 1a75 'y 69 3.2 100, 77k

298 1.80

300 1.50 1 71 95.9 100, 80.1

310 2.40 1 72 97.2 100, 8l.4

315 2.6L l 73 98,6 100, 82.8

329 3.34 1 Th 100. 100. 8l.2
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Table §. Cuaulative Frequency Distributions
of Normalized Element Timss From Study ¢ (Unadjwted
Times with Yariables Excluded)

Elswant 2
Normalired
Blement Klement Cumalative Cumulative
Times Times Frequency Frequsney Per Cent
(1n Prames)
18
17 -2.01 1 1 1.3
- 18 0
19 ¢
:’ 20 ‘1.‘-’@ .3 h SOh
> ~1.20 2 6 8.1
22 =1,00 5 11 1.8
23 «0,80 11 22 29.7
24 «0,60 L 26 351
25 : ~0,40 11 37 50.0
26 ~0,20 1 38 51.3
27 0.0 7 L5 60,8
28 0,20 h L9 66,2
29 0.40 8 57 77,0
30 0.60 2 59 79.7
3 : 0,80 3 62 83.7
32 , 1.00 1 63 8.1
13 o
3k 140 2 65 87.8
35 1.61 3 68 91.8
36 1.81 3 71 95.9
n 2.01 01 72 97.2
a8 0
39 2.1 1 73 98,6
ho 0
k1 2.81 1 Th 100,0




of Normalized Elsment Times From Stwdy C (Unadjusted

Tabls 8, Cumlative Frequency Distributions

Timss with Variables Exeluded)

(continumd)
Element 3
_ Normalised
Element Element Cunulative Cumulative
Tives Tines Frequency Frequancy Per Cent
(in Fremes)
12
13, -1,25 3 3 L.0
y «1.07 L 7 9.h
15 0,89 13 20 27.0
16 -0.71 7 27 36.4
17 «0.53 L 31 k1.8
18 «0,35 h 35 k7.2
19 ~0,17 L 39 52,7
0 0.01 10 L9 66.2
21 0.19 I 53 T1.6
22 0.37 1 5l 2.9
23 0,55 1 55 7h.3
2L .73 1 56 75.6
25 0.91 3 59 9.7
26 1.09 1 60 81.0
27 1.27 8 68 9.8
g ' 1.6 2 70 945
30 1.82 1 T 95.9
ki :
32 '
gﬁ 2.36 1 72 97.2
35 2,72 1 3 98.6
36
37
38 3.26 1 Th 100,0




Table 8, Cumulative Frequency Distributions

of Normalized Element Times Fram Study € (Unadjusted

Tmes with Variablss Excluded)

{econtinued)
Blement k

_ Normalised
Elemont Element Cunulative Cumulative
Times Timea Frequency Frequeancy Per Cont
(in Frames)
29 -1.20 1 i 1.3
33 «0,78 3 15 20,2
3k «0,67 5 20 27.0
36 w016 6 29 39.1
37 ~0.36 6 3 h7.2
‘ 38 ~{,25 5 40 54,0
"W 0.07 3 55 7h.3
g 017 3 58 78.3
g 0.308 2 60 81.0
L5 G.h9 2 é2 83.7
L6
L7 G.70 1 83 85.1
:hB G.01 . 2 é5 7.8
Sk 1. 1 66 89,1
58 1.55 1 67 90.5
£0 2.08 1 68 91.8
21 2.18 1 &9 93.2
2
63 2,39 2 71 95,9
2? 2.72 1 72 9T.2
68 2.92 1 73 98.6
72 335 i 74 100.0




of Hormalised Rlsment Times From Study C (Unsdjusted

Tabls 8. Cumulative Frequency Distributli ens

Times with Variables Excluded)

{continued)
Elexent &5

Normalised
Element Element Cumulati ve Cumlative
Timss Times Frequency Frequency Per Cent
(in Frames)
9
10 -1.25 2 2 2.7
11 ""1005 5 7 9th
13 06k 9 25 33.7
1L ~0 bk 8 33 Lh.8
15 0.2k 10 L3 58.1
- 16 ~0.0k 5 L8 6L.8
JAT 0.16 L 82 70.2
18 0.36 5 57 170
20 0.76 2 &2 83.7
21 0.97 3 65 87.8
22 1.17 2 67 90.5
23 1.37 3 70 .5
gl; 1,57 1 k£ 95,
26 1.97 1 T 97.2
27
30 2.78 i) 98.6
3 k.59 Th 100.0




Tabls 5. Cumulative Frequengy Disiributions
of Normalized Element Times Froam Study C (Unadjusted
Times with Variables Excluded)

{continued)
Elamert 6.
| Normalized
Element Element Cumulative Cumlative
Tines Times Prequency Frequency Per Cent
{in Frames)
i3 w119 1 l 1.3
- 36 -1.71 2 3 1.0
37 ~1al2 3 6 8.1
38 -1 403 i 9 12.1
39 «0,93 13 17,5
L0 ~0.8k N 17 22.9
t;. 0,75 3 20 27.0
- 0,66 6 26 35.1
b3 ~0 458 b 30 0.5
lh ~047 3 33 5
k5 ~0,38 3 36 h8.6
ig : (0,28 3 39 52.7
k8 0,10 1 L0 5L.0
k9 0,01 i Lh 594k
50 0.08 3 L7 63.8
51 0,18 3 50 6745
3 A U T
sk Q'Jlé 2 5h 72.9
gg 0.55 2 56 756
57 0.73 3 59 797
58 0.83 l 40 81.0
59 0.92 2 62 83.7
60 1.01 1 63 85.1
63 1.29 3 66 89.1
2154 1.38 1 87 90,5
&6 1.57 1 68 91.8
&9 1.85 1 69 93.2
70 1.94 1 70 4.5




Table 8, Cumulative Frequency Distributions
of Normalized Element Times From Study C (Unadjusted
Timss with Variables Excluded)

{continued)
Element 6
Normalized
Element Elessnt Cumulative Cuaulative
Tines Times Frequency Frequency Per Cent
{in Prames)
K 2,40 2 72 97.2
76
i 2.59 1 73 98.6
-85 3,33 1 Th 100.0




Table 8. Cumulative Preguency Disteributions
of Normalized Element Times from Study C (Unadjueted
Times with Varisdbles Excluded)

85

{continued)
Elemant 7
Hormalised
Element Elenment Cunulative Cumulative
Times Timasn Frequency Frequency Per Cent
(in Prames)
11
12 ~1.27 3 3 L0
13 ~140% 6 9 12.1
ak 0,82 9 18 2h.3
15 «0.,60 7 25 33.7
16 -0.38 10 35 h7.2
17 ~0e15 ? Ll 59.4
18 0.0 7 L3 68.7
- 19 0.29 3 5h 72.9
20 0.52 7 61 82.4
g 0.96 2 65 87.8
2k 1.h1 2 67 90.5
gg 1463 2 69 93.2
27 2,08 2 71 95 .9
28 2.30 1 72 97.2
29
30
31.
3 3.20 l 73 98.6
gg 3.h2 1 7h 100,0




Tabla 8. Cumulative Frequency Distributions
of Normalized Element Times From Study C {Unadjusted
Times with Variables Excluded)

{continued)
Element 8
Normalized
Elsment Element Cumulative Cumulative
Tires Times Frequency Frequency Per Cent
(in Frames)
14
17 ~1.31 2 2 2,7
.18 ~1.1h 1 3 L0
i 19 «0,97 1 h St
20 0,80 1 5 6.7
21 ~0,63 10 15 20,2
22 0116 7 22 29.7
.2 «0,12 10 g 59.4
29 0.05 7 51 68,9
.26 0.22 6 57 77.0
‘27 0.39 h 61 82.h
28 0,56 2 63 85.1
29 0.73 3 b6 89.1
30
31 1,07 [ 7 95.9
32 ‘
33
3k 1.58 b 172 97.2
35 ..
38
39 2.2 1 73 986
' 2.59 1 ™ 100.0




Table 8, Cunulative Frequency Distributions
of Normalized Element Times From Study ¢ (Umadjusted
Times with Variables Fxcluded)

{continued )
Elemant 9
Normaliged
Elsmant Element Cunulative Cumulative
Times Times Frequency Frequency Per Cent
(in Frames)
3
4 -2.35 1 1 1.3
5 '*1.80 2 3 h-o
7 -0,72 15 2 32.4
8 =017 25 ho 66,2
.9 0,37 8 57 77.0
10 0.91 11 68 91.8
11 1.6 2 70 945
12 2.00 1 71 95.9
: ié 3.09 2 Th 106.0
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Table 8, Cumlative Frequency Distributions
of Normalized Element Times From Study C (Unadjusted
Tmes with Variables Excluded)

(continued)
Element 10
Hormalized
Elsment Elemesnt Cunulative Cunulative
Times Tines Frequency Frequency Per Cent
(in Frames)
17
18 «1l.ih 1 1l 1.3
. 19
P 20 ~0,91 [ 7 N
‘21 =06} 11 i8 2ha3
22 ~0,38 19 a7 50.0
.23 «0,12 12 L9 66.2
- 5 0.1 L 62 83.7
- 26 0.68 g 67 90,5
1]
o8 1.2 3 70 9.5
29
32 A
33 ' 2.53 1l 71 95 .9
3u 2.79 1 72 97,2
35
36
37 .
38 3.85 1 (5] 98,6
a9
gl ke6k 1 7h 100,0




Teble 8, Cumulative Frequency Distributions
of Normalized Element Times From Study C (Unadjusted
Times with Variazbles Exgluied)

8%

(continued)
Element 11
Hormalized
Elamant Element Cumlative Cunulative
Times Times Frequency Frequency Per Cent
(in Frames)
21
22 -1.60 1 1 1.3
.23
24
o]
26 ~0,98 2 3 440
27 ~0,83 8 11 15,8
.28 =067 6 17 22.1
.29 0,52 9 26 35.1
30 ~0,37 D 39 s2.7
.31 -0,21 é hs 60,8
‘32 -0,06 i L9 66,2
33 0,10 I 53 71.6
34 0.28 2 55 7h.3
35 0,40 2 57 T7.0
36 0.56 1 58 78.3
38 0.86 1 61 82.4
39 1.02 2 63 55,1
Llﬁ 1,17 5 68 91.8
La 1.18 3 71 5.9
1
L6
hy 2.5 1 T2 97.2
L8
52
53 3.18 1 73 98.6
Sh
62
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Table 9. Cumulative Frequency Distributions of
Normalized Cycle Times From Study D (leveled Times)

Normalized Upper Lower
Cycls Cyela Cusulative Cumulative Band Banxd
Time Time Frequency Frequency Per Cent Boundary Boundary
(in Frames)
- 23 =1,51 1 i 1.3 17.1 0.0
235 146 1 2 2.7 iB,5 0,0
N 236 ‘1.&1
237 ~1.35
- 238 ~1430 2 i Selt 21l.2 0.0
239 w1425
2l0 -1,20
i ~1.15 ﬁ 7 9.4 2.2 0.0
C2h3 ~1.08
245 «0 .95 1l 13 17.5 33.3 1.7
. 2L6 «0.90
.. 2h? -0 ,85 3 16 21,6 37.4 S 8
-2L8 0 80 2 18 2h.3 40,1 B.%
.29 0,75
251 -0.64 4 21 28.3 Lk, 12.5
252 L =059 5 26 35.1 50.9 19.3
253 7 -0.514 h 30 ho -5 56 o3 2h7
255 - =0k 2 32 k3.2 59.0 27.
256 ~0,39 2 34 k5.9 61.7 30.1
237 4-0.3_h
258 «0,89 3 31 50,0 65.8 3.2
259 0,2k 1 38 51.3 67.1  35.5
260 ~0.19 3 k 55.4 T2 3946
261 «0,1L 3 uh 59.h 5.2 3.6
262 0,09 2 hé 119 h6.3
263 ~0,03
26} 0,02 2 18 é4.8 80.6 Lg.0
269 0,06 2 50 67.5 83.3 51.7
267 017
268 0,22 2 Sh 72.9 88,7 S7.1
269 0.27 1 5 Th.3 90.1 58,5
270 0.32 2 57 77.0 92.8 61.2




b2 §

Table 9, Cumilative Frequency Distributions eof
Normalized Cycle Times From Study D (levelsd Times)

(continued)
Normaliged Upper Lowar
Cycle Cycle Cumalative Cumulative Band Band
Time Time Frequency Frequency Per Cent Boundary Boundary
(:Ln_ Frames)

Jmn 0.37 1 58 78.3 9.1 62.5
278 0,72 1 61 B2.h 98.2 66,6
279 0.77

. 280 0.83 1 62 83.7 99.5 67.9

281 0.88 1 83 85.1 100, 6343
262 0,93 1 6h 86,4 100, 70.6
23 0,98

.28} 1,03
- 288 1,08 1 65 87.8 100, 72,0

.. 286 - 1.13 1 66 89.1 100, 73.3
287 1,18

B 288 1.23 1 67 9.5 100, 77
289 1.29
29% ’ 1.59 1 69 93.2 100, T7h
296 1,6}

308 2,25 1 71 95.9 100, 80.1
w200 1 72 972 1200,  OLk
_' 316 2.65 1 73 98.6 100, 82,8
332 3.7 1 ™ 100,0 100, 8.2




Tabla 10,

Cumulative Frequency Distridbutions of Normalised
Element Times From Study D (leveled Times)

Elenent 2

Rormalized
Element Elonent Cumalative Cunulative
Time Frequency Frequency Per Cent
(in Frames)
19
20
21 ~) 21 2 3 L0
22 -1.01 11 14 18.9
L 23 ~0,81 k 18 24.3
. 2h ~0.61 9 27 36.,
25 =041 3 30 k0.5
26 -0.21 12 L2 56.7
.27 -~ ,01 1 h3 58.1
- 28 0.19 5 L8 64,3
29 0.39 1 L9 66,
- .;g-i 0.59 13 62 83.7
32 - 0,99 1 63 85.1
33
3k 1.40 3 66 89.1
35 1.60 3 69 93,2
36 1.80 2 11 95.9
37 - 2.00 1 72 97.2
a8 2.20 1 73 98.6
39
Lo
I
L2 3.00 1 7h 100,0
3
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Table 10, Cumulative Frequency Distributions of Normalised
Elament Times From Study D (Leveled Times)

(eontinued)
Element 3
Normaiised
Element Flement Cumulative Cumulatlve
Tine Time frequency Prequency Per Cent
(in Frames)
12 ~1.66 1 1 1.%
13 “lohs 1 2 2‘7
hE -1.25 I b 8.1
15 -1,04 I 10 13.5
> 16 «0,84 6 16 21.6
SOLT »0.63 12 28 37.8
13 ' w012 11 39 52.7
19 (422 2 L1 554
20 «~0,01 3 Ll 534
.2l ' 0.19 5 L9 66,2
22 0.40 ] 53 716
. 23 Q.60 5 58 7843
R 222 1,02 5 67 90.5
27 ' 1.13 2 69 93.2
Ry
30
g;- 2.% 1 71 %9
33 2,66 1 T2 97.2
g}; 2.87 1l 73 98.6
36 3.28 1 7h 100,0
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Table 10. Cumulative Frequency Distributions of Nermalised
Element Times From Study D (leveled Times)

(continued)
Blament }

Normalized
Elemsnt Blamant Cuanlative Cunslative
Tine Time Frequeney Frequencgy Per Cent
(in Frames)

‘28 ~1,38 3 3 ka0
29 «1,27 1 k 4%
30 -1,16

. .31 «1,05 1 5 6.7

P32 ~0.94 [ 11 1.8

.33 «0,83 k 15 20.2
34 (3,72 4 19 25.6

.35 ~0.61 2 21 28.

T ¥ -e39 8 ﬂg k7.2

- 139 ~0,17 2 42 56,7

:- ho "GC% 7 w 6632

A 0.0 L S3 71.6
L2 0.16 2 55 Th.3

i3 0,27 3 58 78.3
AN 0.38 2 60 81.0
}35 G-h? i 61 8201&
Lé 0,60
k7 0,71 2 63 85.1
50 1,04 1 84 86.k

3 ) 1.4 2 66 89.1
56 1.69
57 1.80 1 &8 91.8
58 1,91 i 69 93.2
59 2,02
60 2.13 1 70 9h.5
6h 2.57 1l 7 95.9
69 2.68
66 2.79 1 T2 97.2
68 3.1
69 3.2 1 ™ 100,0
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Table 10, Cumulative Frequency Distribution of Normalized
Element Tima From Study D (Jeveled Timss)

{continued)
Elsment §
Normalized
Element Elsment Cumulative Cumulative
Time Time Frequency Frequency Per Cent
(in Prames)
‘g ~1458 2 2 2.7
10 ~1.33 1 3 L0
11 o 1 & | 2 5 6.7
i 13 -0,68 8 21 28.3
15 «0,25 10 L3 58.1
(16 ~0,0L 7 50 675
- 17 0.18 3 53 7146
.18 0.39 3 56 7546
-39 0.61 L 60 81.0
.20 0,82 2 é2 83.7
Y2l 1.04 3 65 87.8
.22 L.26 b 69 93.2
23 147 2 T 959
2k
ol
26
27 2.33 4 73 98.6
28 .
35
36
L.27 1 ™ 100,0




Table 10, Cumulative Frequency Distribution of Normalized
Element Time From Study D (Leveled Times)
{continued)
Element &
Normalised
Element Rlement Cumulative Cunulative
Time Time Frequency Frequency Per Cent
(in Prames)
33 ~1 36 1 i 1.3
3k
35 ~Le28 1 2 2,7
;37 ~] 410 2 5 6.7
. 38 -1.01 2 7 9elt
39 3,92 2 9 12,1
) 0,83 9 18 2,3
- b2 0468 2 26 35,1
) 03,56 kL 30 40.5
ohh 0,47 2 32 3.2
ks ~0,38 2 34 L5 .9
- W6 -03,29 3 37 50,0
L7 ~0,20 1 38 5143
48 ~0,11 2 o Sk 0
L9 -0 ,02 3 13 58.1
50 0,07 5 L8 éL.8
51 0,16 _
52 0,25 2 5C 67.5
53 0.3k .3 53 71.6
54 0.h3 2 55 The3
55 0,52 1l 56 75 .6
56 0,61 1 57 770
57 0,70 1 58 78.3
58 0,79 1 59 79.7
59 0,88 3 62 83.7
62 1,16 3 65 87.8
&6 1,52 1l 68 91.8
1.79 1l 69 93,2
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Table 10, Cumulative Frequency Distribution of Nermalised
Element Time From Study D (Leveled Times)

{continued)
Elemsnt 6
Normalized
Elsment Elemernt Cumulative Cumulative
Time Time Fregqusncy Frequency Per Cent
(in Prames)
C T2 2,06 1 70 9h.5
73 2.15
7h 2.2 1 yol 95.9
L 15 2.33 1 72 97.2
L 2,51 1 7 98,6
3.05 1 ™ 100,0

3



Table 10, Cumulative Frequency Distribution of Nermalized
Element Time From Study D (leveled Times)

{continued)
Elsment 7
Normalized
Element, Element Cunulative Cumalative
Tine Time Frequency Frequency Per Cent
{in Frames)
i1 ~1a7% 1 b le3
12 ~1,33 2 3 L0
13 1,09 6 g iz.1
U 0463 6 25 33.7
16 0,39 9 34 h5.9
17 0,16 7 I3 5.0
.18 0,07 8 L9 66,2
- 19 0.30 3 52 70,2
20 0.54 7 59 797
- 21 0.77 3 62 83.7
- 22 1.00 b 64 89.1
o2 1.7 2 69 93.2
25 1.70 1 70 Sh.5
26 1.9L 1 71 95.9
27 2.7 1 72 9742
29 2.64
30 2.87
3 3.10 .
32 3.3k 1 73 8.6
3.57 1 Th 100,0




Table 10, Cumulative Frequency Distribution of Normalized
Elerent Time Fram Study D (Levelsd Times)

(continued)
Blement 8
Normalized
Flesment Element Cumulative Cumulativeg
Time Frequency Frequency Per Cenk
{in Frames)

15 -2.13 1 1 1.3
1? "'l .88
18 ~lebl 1 2 2.7
19 ~ie39 2 4 S
20 ~i.15 3 7 9.4
21 ~{) .90 9 16 21.6
22 -0 ,66 5 21 23.3
23 ~0uil 10 N b1.8
2l ~0,17 11 L2 56.7
25 C.08 8 50 67.5

26 C.32 8 58 78.3
27 G567 3 61 B2,k
28 .81 2 63 85.1
29 1,06 2 65 87.8
30 1.30 3 68 9,
n 1.55 3 2 95.9
32 1,79 1 T2 97.2
33 2,04
34 2,28
33 2.53
36 2.77
37 3.02
38 3.2%

39 3.51 2 Th 100.0
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Table 10, Cumilative Frequency Distritution of Namalized
: Rlement Time From Study D (leveled Times)

(continwed)
Element 9
Normaliged
Elamant Elemarnt Cumul ative Curulative
Time Time Frequency FPraquency Per Cent
(in Frames)
T | ~2.34 1 1 13
,‘ic? “"1088 1 3 20?
5 05 "10511 1 3 h 09
L S t6 -l Q’J 2 5 6 07
6.3 «1,08 1 7 9.
6.5 <0497 3 10 13.5
_ 6.6 -0,91 1 1n 1.8
. Tal «~0463 1l 17 22.9
75 =010 8 25 33.7
. T ~0.34 b 29 39.1
7.9 -0,17 7 36 L8.6
8.3 0.06 1 L2 56.7
8 05 i Otl'f 9 51 6309
8.9 ' 0.40 1 52 702
9.1 0.51 b1 53 .6
9.5 0.74 5 58 78.3
9.6 0.80 1 59 19.7
9.9 0.97 4 63 85.1
10.1 1,08 3 66 89,1
10.3 1,20 1 &7 90,8
10.5 1.31 3 70 9L.5
10,9 1.5k 1 71 95.9
].2.-,6 1,94 1 72 972
13.6 3.08 1 73 98.6
13.9 3.26 1 ™ 100,0
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Table 10, Cumlative Frequency Distribution of Normalized
Element Time From Study D (Leveled Times)

{continued)
Element 10
Normalized
Element Element Cumulative Cumulative
Time Time Frequency Frequency Per Cent
(1n Frames)
19 -1.24 5 5 6.7
20 ~0.97 5 10 13.5
al ~0.70 g 19 25.6
i 01 8 sS7 770
23 0.38 T &l 86.4
2% 0.65 1 65 87.8
- 27 . 0.92 L 69 93.2
28 1.1%
' 3’0 1.73
3l 2,00 1 71 95.9
.32 2.27
33 : 2.5k 1 72 97 .2
3k 2.81
35 ' 3.08
3 3.36 1 73 98.6
37 3.63
38 3.90
39 Lel7
Lo _ by
k1 L.71 1 7h 100,0




Table 10. Cumulative Frequency Distribution of Normaliwed
Element Time From Stuly D {(leveled Times)

{continued)
Elament 11
Normalized
Element Element Cumulative Cumulative
Tine Tims Frequency Frequency Per Cert
{in Fremes)

‘2L ~1.39 1 1 1.3
25 -1.23 1 2 2.7
26 ~1407 5 7 9.4

L 27 -0.50 2 9 12,1

;28 ~0.7h 7 18 21,6

.29 =0,58 s | 27 36,4
30 -0 132 6 33 hkeS

L3l -0,26 8 hy 55

- 32 ~0409 8 L9 66,2

+ 33 2,07 3 52 70.2

-3k 0.23 b 56 75.6

-~ 35 0,39 2 58 78.3

36 0.56 2 60 81.0
38 0,88 L 6 8941
39 1.04
L0 1,20 1 67 90.5
L1 1,36
L3 1469
Lk 1.8% 2 72 97.2
L9 2,67
‘50 2.83 1 73 98.6
51 2.99
61 L.62
62 La78 1 7h 100,0
63 L.k




Anslysis Sheet for T-600 Ball Peimt Pen

Figure 21, Ssmple Pilm Analysis Sheet

Operator Carrie Time 12:054 Cyels 1 Film No,. 50
Analyst WL Date of Analysis 6 May 53
Time Unit K |
Frame Svbtracted Frame
NOI..H Lgime i Hoéﬂ Hemaxrks
962 962
Get Bbl~TB,ST & G 937 25 1k 948
Place Ebl-TL,P,A & RL 905 32 39 909
Oet Unit-TE, ST & G 883 2 19 890
Place Unit-TL, P, AWRL 835 18 51 839
aeé Dr. Nut-TE, ST & ¢ B13 22 18 821
Place Dr, Nub~TL,P,A4RL 748 65 7% 757
Get Ferrule~TE,ST, & G 732 16 17 740
Place Ferrule-TL,P,A%RL 693 39 20 720
Gt Comp, Unit-TE & G 68k 9 8 72
Place Comp. Unit-DA,TL&> 645 39 30 682
sm-ﬁa,"‘ma 61l 1 68 61k
Asm@n & RL 608 Tranaferred pens

to IH



t+t+t-.-.oo.onb+tn

1 2
(1) A, = 2

(2) Ag.Asl-'- &‘2+A'3‘I.0t0.....+”8

(3) E, x t+ (4, ~ &)

where A, is ¥ghot" averzge, A_ is grand average, tl, tz, . tn are elemsnt

times, n is "shot" sample siss, N is grand sample 3ize, and Et is the lowe
h : F

eled element tinme,

(1) Element 2
f Left hand
Shot 1

33+ 26+22+g3+}5+i§1+ 32 + 263 2k + 27 .59

(2) | Klement 2
left Hand

28,7+ 28,5 + 29,9 + 25,0 + 25,5 + 27,9 + 25,0 + 33,9 _ 27,0

(3} Elemsnt 2
: laft Hand
Shot 1 ~ Cycle 1

Figure 22, Sample Calculations arnd Formulae Used for Leveling
of Element Times



Eloment 2 laft Hand Study C (Unadjmeted Timee)
Clans _
Class Interval Mark £ a af a¥¢ ad¢ a @+ @Dr
13.5-16.5 15
18,5+19.5 18 1 «3 3 9 27 a1 73
19,5-22.5 21 1 -2 -2 kb 88 176 31 .sn
+ % A -1 2% 2 W Zh 0 42,28
es.s-cs.s 27T 2 0 0 O 0 0 2 8.0
28,50 3 § 1 £ % 5 5 80 17.02
3l¢$-3k.5 n 8 2 1 32 & 128 648 5155
34,5375 ¥ 33 7 m mods W mm
Wi B 1 5 8 2 1 & e e
ta.s-&.a 45
Total e .10 182 200 2538 3b6L 26480
/8 (swma) =s135 2.159 2.703 20,78 3.578
I.'.-o.ns 2 4, 0,00 B w 0,002,

Ghﬂ'lilr'a Chmck:  3h6L w 1538 + 1(200) + 6(182) = L(10) + Tk = 3Lk
Lo I'J+I¢"{“M)+W'M

uzg?:~¥gﬁaﬁ59 ﬁtMim
O x w6V iy » 3(1.562) w 4,686

E! N
My m ¥y - T 4 20 o 2,708 - 3(2.459)(=.135) + (~.0024)2 = 369
A Al o 5 .
he—3h e iR
Peakedonss 1
la-@ nfxo,x %ﬂ' 2u76k

Figm 23. Sample Calculations end Farmulae for Detemimidion of Homents




Element 2 Study D {Ieveled Times) Kormal Cwrve
Upper Class Cumulative Interval Kormal Observed 2 -7
Iimit t Area Area Frequency [Frequency
- 00
063 k.8 1 3.0091
19.5 wl,52 0613
~A1T) 8.7 13 2.1252
32 05 - 091 olslh
) 1969 1.6 20 1.9972
25-5 - 31 -3733 _
«2358 17k u 5643
! 2805 039 061111
_ 1992 k.7 1L 0333
3.5 89 A1
L 21199 8.9 3 3.9112
S L0668 L.9 9 3.14306
1.000
Total . 1,0000 TheO s 15.1709
X o 27,05 Oy = 498 Degrees of freedom w 7 -~ 3 w &

Probability level w 0.004

Figure 2h. Sampls Calonlati ons for Pitting the Normal
Surve to the Experimental Distributions
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Klemant 2 Study ¢ (Unadjusted Times) log Bermal
Upper Class Cumalative Interval log Nermal Observed fo¥ 2
wit Iog X t Area Area Prequency Frequency
- OC)
1736 12.8 1 253
22.5 103522 ‘09,4 01736
2354 7.4 26 L.250
25.5 14065 «.23 090
) 2Ll 18.2 12 2,112
28 .5 1 ahShﬂ th 06591
1761 13,0 13 .000
'31.5 14983 .56 8315
0991 T3 3 2.533
34.5 1.5378 1.48 L9306 |
H'oO s%gh 5 0 9 3,200
Totals 1,000 73.7 7h 12,348
Tog T = 1.h2k3 S10g x % 0-0769 Degrees of fresdom « 3
Probability Level w 0,066

Figure 25, Sample Caleulations for Fitting the log Normal
Curve to the Experimental Data
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Element 2 Study C (Unadjusted Times) Pearsm Type III
Upper Class Cumalative Interval Pearson Gbserved L-F 2
Limit t Area Area Type III Frequency
Frequency
- OC
_ 21840 3.6 11 4970
22.5 “'t% .1&'-0 &hsh B 6 M
’ ; 18.2 F:d 3.3428
25 us “'"aBO -’Jﬂ?ﬁ
- .2138 17.3 12 1.6236
28,5 +30 5632
' : _ c1633 12,1 13 0%69
31.% «90 8265
L513 7.0 3 2,2857
:3kh.5 1,51 «9208
" oo 0792 5.9 9 1.6288
_ 1,000
‘l’em 1.000 7'4 «1 Th 9 owl-&
f Q! E? «0 GJz = h‘?w \(\1 = 0833
Probabllity level s 0,022 Degrees of Freedom w 6 = 3 w 3

Figure 26. Sample Calculations for Fitting the Pearsan Type III
, Curve to the Experimental Distributions



t -X

{1) ze 5 - <
Je

t' - !e
(2) i, = 5

where Z and Z_ are the narmalized times for the cyclse amd elemsnt times,
t, and t, are the cycle and element times, X and ¥ are the memn cycle
and elemnt times, and O, and O, are the stadard deviation of the cyels
and olement tine distribuiions.

233 - 261,
1z, ‘-"‘2}"&‘.‘67"2

= =1k, for the cycvle of Study €

2 ~2.01, for elsment 2 of Study ©

Figure 27, Sample Caleulations for Determimstion of
Hormalised Cycle and Element Times



Study C
(Unadjusted Element Times)

g 2
F g 0.2
s 2 .80

= 0.99h

Study D
(Leveled Element Times)

? vél a.
= éés——-j 58.09 » 0.9k

95 per cent confidence limitst 1,46 > F D ’i'%'é

146> F D 485

Bagiuu of Freedem w 73
where P is the Fisher statistic, 3‘2 is the sum of ths element variances,
302 is the cycle variamcs.

Figure 28, Calculations for Testing Significant Difference
' Betwoeen Cycle Variance aml Swm of Elsmerd Variances.
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