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ABSTRACT

Prior reports in this series defined four possible computer simulation mod-
els for p redicting manning requirements on USN ships after the year 2000. This
repo rt selects the most promising of these alte rnatives and develops furthe r detail
relative to this model. However , since the model is based on several technical
(relational ) conjectures, as yet unproven , the major portion of the effort reported
is devoted to the further investigation of the validity of these relationships and ap-
proaches:

• projection of manning level requirements based on the
$ classical growth curve

• decomposition of task complexity into five major con-
stituent elements and determination of their relative
importance

• combination of these, together with known data , into
a single analytical expression for extrapolation of
manning levels decades into the future

• determination of the acceptability of this anal ytical ex-
pression in terms of the error  based on Nav y data for
three ship functions

z

•
i L

•_•_ .•-— .—~~~~ —-- - —•—— . S--. - -  _•__•~~s .~~~ —- - -- • . •



! 
•. - 

~~~ .- —: .ai- r — ..—.r.,~-_-
,
~~~~~~~

•
~~~~~--

• - - - . -.~-- • - - _______________________ - ••- • - - -  —
V. 

$

ACKNOWLEDGMENTS

We are indebted to several persons for their contribution to the effort reported
herein, At the Office of Naval Research, Dr. Martin Tolcott and Mr. Gerald Malecki
provided general guidance and advice relative to the most productive avenues for re-
search and development. They were also instrumental in arranging for the various

$ interviews with USN personnel and in procuring report s and data reflecting manning
levels in prior periods:

• At Applied Psychological Services, Mr. William Miehle and Mr . Harold Platzer
provided analytical services in the least squares fitting of growth curves to available
data. Mr. Wm. Rick Leahy developed much of the data for the analysis of j ob corn-
plexity by multidimensional scaling.

We express our gratitude to these persons for their important contributions.

Arthur  I. Siegel
J. Jay Wolf
Allan B. Williams, Jr.

APPLIED PSYCHOLOGICAL SERVICES, INC.
September 1977 :

(3

0

111 

—~~~~ ~

•- - .-~--.--- - - .-~~~~~~~~~~~~ -- ---•.~~~~~-. .— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~- -- - -• —- - --- - - -~ .~ --. 



_________ -~~~ • . -~ - ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~ - - • -~

TABLE OF CONTENTS

• Page

CHAPTER I - IN TRODUCTION 1

-. - Purpose 1
Prior Work of This Program 1
Content of Present Report 2

T e c h n o l o g i c a l  F o r e c a s t i n g  M e t h o d s  3

Intuitive Techniques 3
Trend Extrapolation 4
Models 6
Comparison of Forecasting Approaches 7

A u t o m a t i o n  a n d  I t s  M e a s u r e m e n t  9

Goals of Automation 9
Economic Incentives 9
Engineering Incentives 10
Measure and Definition of Automation 10

CHAPTER Il - ALTERNATE MODEL APPROACHES 13

The Technological Extrapolative Model 14
Volumetric Model 14
Linear Programming Approach 15
Automation Level Model 15

CHAPTER III - UTILITY OF THE GROWTH CURVE 17

Theory and Use of the Growth Curve 17
Scope 17
External Influences 20
The Unrestricted Environment 21

* 
Limited Environments/Technologies 22
Carrying Capacity 23
Changing Conditions 27
Growth Curve Extrapolations for Nav y Systems 27
Selection of Ship Functions for Analysis 27
Automation Data Collection Procedure 29 -

r Data Collection Procedures 29
Messing 35
Sonar System 36
Propulsion 38

— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • • • •—~~~ 
-

-- • .T~



- .  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
•

TABLE OF CONTENTS (cont . )

Page

Ship Control 38
Best Estimate Logistic Curve 41

CHAPTER TV - EXTENDED AUTOMATION LEVEL SIMULATION MODEL. . .  . 51

Input Data 51
Processing 51
Output Data 58

CHAPTER V - J O B COMPLEXITY 59

Multidimensional Scaling 59
Stimulus Development 61
Stimulus Booklet Preparation 63
Rate rs 63

5 Data Treatment 67
Factor I --Information Processing 67
Factor II -- Psychomoto r Coordination 68
Factor III -- Flexibility/Adaptability 68
Factor IV -- Product and Process Structure 69
Factor V -- Personnel Management and Interaction 69
Discussion of Results of Multidimensional Scaling Analysis. - . 70

CHAPTER V I -  HAND CALCULATIONAL METHOD FOR PREDIC TION OF
MANNING REQUIREMENTS 71

Historical Ship Manning Data 71
Job Complexity 72
Form of the Manning Level Equations 74

CHA PTER VII-SUMMARY AND DISCUSSION 79

Summary 79
Discussion 80

REFERENCES 81

APPENDIX - The Ship of the Future as Extrapolated from Technological
Advances 87

vi

—- ~~~~~~ -. •—. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~- -~~~ ~~~~~~ —- ~-, ~~- • ___ 
•- .--- .k -



p1~ — .

~
-,... ‘——

~
-••— — — — 

~~~~~~~~~~~ 
-
~
-- —

$

LIST OF TABLES

Table Page

1 Comparison of Alternative Approaches to Technological
Forecasting 8

2 Ship Functions and Their Automation Levels 13
$ .

3 Comparison of Three Sigmoid Equations 25

4 List of Messing Functions 30

5 List of Sonar Functions 31

6 List of Propulsion Subsystem Functions 32

7 List of Ship Control Functions 33

Scale of Automation Ratings for Interviews 34
$

Automation Levels, Estimated and Calculated 35

EALM Input Run Request Information 52

11 List of Task Complexity Attributes 62

12 Obtained Eigenvalue and Cumulative Proportion of Variance by
Factor 67

13 Items with Highest Loading on Factor I --Information Processing. .  67

14 Items with Highest Loading onFactor Il--Psychomotor Coordination 68

15 Items with Highest Loading onFacto r Ill--Flexibility/Adaptability. . 68

16 Items with Highest Loading on Factor IV--Product and P rocess
Structure 69

17 Items with Highest Loading on Facto r V--Personnel Management
and Interaction 70

18 Historical Estimates and Their Error  73

19 Weighting of Complexity Factors 75

20 Estimated Complexity Factor Values 75

21 Calculation of Projected Manning Levels 76

22 Error of Prediction Compared with Cri ter ion Error  77

IL —- — -
~.---- ~_-.-- • - • • - -~~~ .‘--- .--—-- - ‘ ____________ _____



_ .—,--—. — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -• . -- _________

LIST OF FIGURES

Figu re Page

1 Nominal growth curves 19

2 Example of changing conditions 28

3 Projected growth in automation of messing functions 37

4 Projected growth in automation of sonar functions 39

• 5 Projected growth in automation of propulsion functions 40

6 Projected growth in automation of ship control functions 42

7 Least squares best estimate of automation level vs. time for
messing 47

8 Least squares best estimate of automation level vs. time for sonar 48

9 Least squares best estimate of automation level vs. time for
propulsion 49

10 Least squares best estimate of automation level vs. time for ship
control 50

11 EALM global flow chart 53

12 Sample types of curves representing potential complexity trend . .  56

13 Instructions for similarity comparisons 64

14 Sample multidimensional scaling booklet page 66

viii 

•



- •-.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ _______

- - -

$

CHA PTE R I

INTRODUCTION
$

Pur pose

De termination of a technique for predict ing manning levels on fu ture  USN
ships was the primary,  long range goal of the present program. As one might ex-

• pec t , the ability to make such p~ edic t ions is depe n de nt on many di ver se elements.
The validity of such predictions is necessarily red uced as one proje ct s years, even
decad es int o the f utu re and as the desire for gener ality in the pro cess en co mpasses
diver se ship types, ship missions, dynamic uncertainties i.~ technology, and the as
yet unknown tactics for engaging in fu ture  military sea operations.

- S
Pr ior Wo nt of This Prog ram

In early 197 5, Applied Psychological Services began its attack on this global
pr ob lem with the full kno wledge of the di f fic ult y of the objec t ive, i . e. ,  a projection
at least 2 5 years into the future.  The f i rs t  effort  under taken was directed at con-
sid eriri g the practicality and potential of computer-based models for  achieving such
predic tions. This effort  resulted in the conceptualization of four al ternate approaches.
These were described in a year-end report (Siegel , Wolf , & Willi am s, 197 5) . A brief
overview of these models is presented in Chapter II of the present report. The con-
cl u sion s f rom this earli e r n i ne month effor t we re gener ally positive in that:

• models such as those which were described incorporated the
basic ele ment s desired

• st ructures  of the models were considered to be well within  the
sta te of the a rt for  im ple mentation

• combin at ion of the elements of seve ral of the models showed best
pr om ise for  reaso nable qu ant itati ve re sul t s

Neve rthel ess, the following risk areas were ident i f ied:

• availability of some essential input data was uncertain

• the proposed bases for extrapolation of manhour re qui rements  —

i nto the next century was the classical growth curve ope rat ing
on on e variable called ~a t  tio level ” and on another vari-
able termed complexity. “ Howeve r, the use of the growth

$ curve repre sent ed an app roach who se applicability had not been
demonstrated for  USN ship si tuations

• the key anal ytic expression in which the extrapolated automation
level and complexity was to be entered had also not been ver i f ied 

.‘—~~ .—. - ---.- - .—
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The next effort  (of similar duration ) served to consider fur ther  and r efine
the four alternative models , including a more comprehensive evaluation of their  fea-
sibility. P rincip..illy, the availability of required inp ut dat a was evaluated in some

deta il. Sec on d a rily, the mathematical functions describing the variables and the con-
structs in the models were evaluated. The results of the work were given in a status
report (App lied Psychological Services, 1976) . On the basis of these evaluations and
formulations , an Extended Automation Level Model (EALM) was derived . It utilized
concepts fro m several models. A summa ry of the E A LM was pre sented in the 1976

report. -

Content 0f P r e s e n t  R e p o r t

Chapter IV of the present report contains a current  and extended view of the
EALM. The EALM is designed to answer questions such as the following for  a Se-
lec ted ship and m is sion ty pe:

• How many men are required to man this ship?

• What is the possible effect of selected personnel-~ ‘ierited
tradeoffs on system performance ?

• How will various social or human performance and mart/ ma-
chine interactive factors affect c rew performance?

• What automation levels are predicted for selected time peri-
ods even beyond the year 2000?

Other work was comple t ed in parallel with this model development. Th is seg-

ment of work towards the long term goals was directed to: (1) providing a more for-
mal verif icat ion of the applicability of the g rowth curv e to manpower ext rapolations ,

(2 )  fu r ther  stud y of the formulas for translating extrapolated automation levels into

manpowe r hou r est imates , and (3) demonstration that these formulas have validity

in testable naval situations.

To set the stage for the first of these, Chapter III presents a brief overview

of the traditional growth curve and its successful applications to population and bio-

logical situations.

Chapter IV also contains values of auto:iation level for four ship functions

projected from data averaged over several knowledgeable sub jec ts. Lastl y, these
subject data on automation levels were fitted to a least squares, growth curve. From

thi s, the best estimat e constants for the growth curve are determined by ship function ,

— During the study of appropri ate analytic expressions for convert ing the some-
what abstract automation level into man hours , the concept of the complexity of the
tasks perfo rmed at each ship function was previously i ntroduced. In the cur ren t

2
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w ork , it became clear that complexity should not be treated as a single ent i ty , but
rather should be decomposed into its several constitutent parts. To accomplish
this, the techniques of multidimensional scaling were introduced.  Chapter V de-
scribes the procedures, existing computer programs, and da ta collection approaches
used to decompose and describe the “complexity ” of Navy tasks.

Chapter VI shows the methods employed and the results achieved in making
ext rapolat ion s us in g the g rowth curve. He re , actual data f rom as long ago as the
ea rl y 1940s a re employed , to gethe r with actual naval data from the cur ren t  decade to
predict future  automation levels.

The appe ndix relative to the ship of the futu re disc u sses potenti al changes
based on extrapolation from current  technology. The balance of Chapt er 1 co n tains
two related expository sections to provide background info rmation . The f irs t de-
scribes technological forecasting methods, categorizes them , and summarizes the
ad vantages and disadvantages of each category. The re maining section of this chap-
ter discusses automation , its meaning, its goal, and its definit ion as used in this
and in pr ior  related stu die s.

Te c h n o l o g i c al  F o r e c a s t i n g M e t h o d s

There are several techniques which may be employed for forecasting, whether
technological, economic, or other. The various techniques may, however, be gen-
erally categorized into three groups: intuitive methods , t rend extrapola tion methods , -
and the u~e of models. This section describes these techniques , t ogether with the ad-
vantages and disadvantages of each.

I n t u i t i v e  T e c h n i q u e s

Forecasting techniques which rely on judgments by individuals have been
clas sed as “intui t ive ” by Ayre s ( 1969) and by Cetron and Monahan (1968) . This
somewhat uncharitable term refers to the fact that jud gments by individuals or

- groups can neither be controlled , made highl y objective , or made repeatable.

Ayres ( 1969) held that forecasts by a single individual or a small gro up are
commonly more accur at e than are forecasts provided by larger groups , regardless
of the eminence of the large group ’ s members . Despite this , it seems that , in p1 -ac-
tice, pr ojections made by larger  groups of persons knowled geable in releva~ t arer ~
a re likely to be more favorably received .

The negative aspects of group fo recasts seem to be that fo recasts made by
groups whose members in tera . .. face- to- face  are l ikely to be influenced by charac-
terist ics of the interpersonal  relation ships between group members . The gr oup may

I
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follow a dominant membe r who becomes an unchosen leader in making its projec-
tions. Some individuals in the group may be reluctant to speak out with opinions
they believe will be unpopular or unusual, Accordingl y, the normal group di scus-
sion may not always be effective unless particular care is exercised in selecting -

and briefi ng members of such a panel. Ayres cited examples in which large panels
have provided forec asts which were considerabl y i n er ror  in the conservative direc-
t ion . He hypothe sized that , among members of committees , the “ unspoken rule ” is
ge ne rally to avoid being outflanked on the right , i. e. , by the more conservative ele-
ments (Ayres , 1969) .

A technique which controls the interfer ing effects of inte rpersonal relations is
— avai lable for obtaining a group decision. This t echnique, called the De lphi procedure
• (Dalkey, 1967 , 1969), generally involves soliciting individuals ’ opinions by mail rath-

er than convening the group. Each participant is informed of the opinions of the over-
all group, as obtained by the mailing, together with reasons given by indi vidu als
for their opinions. Then , participating individuals are asked to reconsider and re-
submit their opinions. They are again provided info rmation on the group ’s decision s,
an d asked their opini on s a thi rd t ime, after exposure to details of other group mem-
bers ’ reasoning on the topic at hand . The proc edu re is gen erally ter m in ated af t er
three iterations. This techniq ue limit s th e int erper sonal dynamics which may con-
found group forecasts and fosters independent consideration. However , it is not
clea r t hat the Delphi technique r ed uces the co n se rvatis m of group forecasts.

Some intuitive forecasts have been very accurate.  ‘Yet , i ~ general , the ac-
curacy of this approach is quite variable. Howeve r , in tu i t ive  tu -ecasts cannot be as-
sessed for validity without waiting to observe actual outcomes and ‘hen de t e rmin ing
the accuracy of prec ictions made.

One advantage of intuitive fo recasts is that they are obtainable at ve ry low
comparative cost and , exc ept for the Delphi procedure , the y are usuall y obtainable
much more quickl y than through the use of other approaches. However , it is l ikel y
that those provid ing the fo recasts will be pleased to give the large numbers  of fore-
casts required to allow consideration of effects of vary i ng related even t s, vary ing
aspects of the trend under consideration , and the like. As a result , we may expect
the validity of such fo recasts to degrade as the number of individual requests for
quantitative assessments increases, or as the time for responding to such question-
nai”es inc reases. Also, due to the subjectivity of intuitive p rojections , the reliabil-
ity of these projections should be considered low. In tuitive judgme nts may not re-
flect effects of changes in relevant conditions in a manner which is at all consistent .

- • Tre nd Extrapolation

Often a trend analyst will find that variables whose prediction is desired have
been measured and monitored for some time in the past, thus making possible trend
extrapolation as a mode of technological forecasting. According to Lenz (1968), the
change as a function of time in measures related to technological advance tends to
take an exponential form. Yet , in many cases, a limiting value may exist which

4
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physically or theoretically bounds the change. In these situations, an exponential rate
of advance is also to be expected , but the absolute rate of advance lessens as the limit
is approached asymptotically. The result is the S-shaped growth curve treated in
Chapter III. Technological changes of many types may often be forecast , on the bas is
of known past events, under the assumption of exponential growth with or without the -
effect of a ceiling value.

A variable of inte rest may often be examined through its relationship with one
or more related variables. Leriz (1968) showed that transport  aircraft speed tends

— to be a fixed proportion of the speed of concurrent military aircraft, or equivalently,
that transport aircraft speed equals that of military aircraft of a determinable num-
ber of years prior.

In the above case, both military and civilian aircraft  speeds appear to be grow -
• ing exponentially, so there is little gain in basing predictions of future transport  speed

on the expected advances in speed of military aircraft.

However , different  related variables may yield different forecasts, eve n though
the different variables may each be measured w ith confidence. Lenz ( 1968) presented
a forecast of total annual transport aircraft miles as an example. Total plane miles in
the mid-1960s appeared to be approaching an asymptote. Hence, one would assume
little subsequent change in total plane miles. However , plane miles may be viewed as
a function of passenger miles and aircraft size , ass.uming a constant load factor.
Viewed in this way, total annual plane miles may be projected to drop substantially
as total passenger miles approaches its asymptote while aircraft size continues to
grow exponentially.

Projections based on extrapolation of observed t rends  may often be made very
quickly and at relatively low expense. Such projections are highly objective , being
solely dependent on the shape of previous trends. Since, in this approach , the pas t
and future values of the variable of interest are described by a mathematical function ,
the validity of the forecast may be assessed by comparing observed values of the vari-
able at selected points in time with values at the same times which are predicted by
the function.

Probably the greatest weakness of t rend extrapolation as a method of forecast-
ing is its lack of capability to account for changes in the conLext of other variables in
which a variable is embedded . Trend extrapolation forecasts must  be based on the
premise that the relevant context in which the variable operates has not onl y been
isolated but that it remained consistent throughout the baseline pe riod studied and
will continue to j ’emain constant through the pe riod for which fo recasts are desired.
Dramatic effects, such as changes in resources and irn t .ortant technological break-
throughs in the baseline pe riod or in the period for which projections are desired ,
will tend to invalidate values obtained through trend extrapolation . \loreover , con-
sideratiori of such changes cannot readil y be facto red in.

5
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If the user of the forecast cannot exercise any realistic control over the con-
text in which a variable operates, then inability to assess the consequences of changes
in context may not be a disadvantage. On the other hand , if the user can control the

- relevant context, then a forecast which cannot reflect the influence of his manipula- -
tions of the operating context is of extremely limited utility.

A fur ther  difficulty in trend extrapolation was summarized by Martino (Bright
& Schoeman, 1973) :

Furthermore , since trend extrapolation is still largely an art
rather than a science , there is no rigorously logical method
for selecting the parameters to be extrapolated. It goes with-
out saying that more research is needed in this field. (p.124)

Finally, in this regard , we not e that treud extrapolation depends on a data
base from which trend s may be developed. The characteristics of the available data
base will vary from field to field and from trend to trend within fields.

M o d e l s

A model or a simulation is more a method of handling forecasts of the intuitive

= and trend extrapolative type than it is an independent approach to forecasting itself.
The benefi t of forecasting through a model rests in the rigor with which assumptions
or data are processed . In a model, trends , functions , and interactions are input as
formal logical or mathematical statements. These statements are manipulated ac-
cording to inflexible rules of logic in predetermined sequence, producing conclusions
that are completely replicable, consistent with projections mad e by the model based
on other inputs , and that reflect consistent levels of details and emphasis. As pointed
out by Blackman (in Bright & Schoeman , 1973) :

.Mathematical simulation of a system can only represent a real
system to the extent that the equations describing the operation
of the components of the system accurately describe the operations
of the real system components. It is usually impossible to include
equations for all of the myriad components of a real system because
the simulation rapidly becomes too complex. It is, therefore, nec-
essary to obtain an abstraction of the real system based on judg-
ment and assumptions regarding which components of the real system
are those which control overall system operation . (p.259)

Projections resulting from manipulation of numbers of equations may lead to
valid conclusions which are not intuitively apparent. Forrestor ( 1961) has made ex-
tensive application of simulation techniques to forecasting the consequences of busi-
ness managerial decisions. Predicted consequences of relatively modest adjust-

- rnents by managers were said to be often of startling magnitude. This clearly demon-
strates one advantage of models. They allow rigorous and consistent determination

6 
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of results of possible variations in the operating context. Projections which are
pure ly extrapolations of trends cannot deal with the consequences of such variations,
and intuitive forecasts will not process the available data in a rigorously consistent
fashion .

The validity of simulation models may usually be assessed at reasonable cost.
The model may be used to predict known events in recent history, based on data de-
scribing preceding history and the accuracy of such predictions evaluated .

Co m p a r i son of Forecasting A pproaches

The strengths and weaknesses of the three forecasting approaches discussed
above are summarized in Table 1. In this table, a ”+ ” indicates a strength, a “—“

indicated a weakness, and a “0 ” indicates a relatively neutral rating. In Table 1,
the indicated strengths and weaknesses are algebraically summed to provide an over-
all figure of merit for each technique.

The intuitive techniques are rated favorably, in general, in attributes related
to utility, e. g. ,  cost , responsiveness to varying questions , understandability. How- -
ever , their low ratings on attributes such as objectivity, accuracy, reliabili ty, and
formality cause their overall ratings to be relatively low.

Trend extrapolations are indicated to possess the same overall rating as two
of the intuitive approaches , although the strengths and weaknesses are differently dis-
tributed. Extrapolation is believed to be higher than the intuitive approaches on the
objective considerations but lower on comprehensiveness and gene rality issues.

Models, as a forecasting technique, received favorable ratings in all columns
of Table 1 except cost and understandability. Accordingly, this technique shows the
highest composite score. The conclusion is d raw n, therefore, in Chapte r VII that
the basic approach to a general solution of the problem should be models- -if analytic
tools for key model elements can be validated (see Chapte r IV ).

7
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Ta b le I

Comparison of Alternative Approaches to Technolog i ca l Forecasting
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Intui tive

Indiv idual — — + + — + — 0 -4- + + 2

- . 
Group — - + + — + — 0 + + + 2

Delphi - - + + - 0 - - + + + 0 L
Trend Extrapo l at ion

Extens ion or Trend + + 0 + 0 — + + - 0 — 2

Correlation + + 0 + 0 — ÷ + - 0 - 2

Models + 0 - 0 + + + + + - + 5

I

8 

~~~~~~~~~~ - - •  -



-- 
~~~~~~~~~~~~~~~~~~~~~ -

• t

A u t o m a t i o n  a n d  I t s  M e a s u r em e n t

“Automation ” is one of the many new technical words that has ente red the
twentieth century language. Diebold (1952) indicated that he initiated its use , largely
due to his conc~’rn over his inability to spell “automatization. ” He considered auto-
mation to refe r • both automatic control of operations and automatic physical proc-
esses. (Diel~ ‘~knowledged that a Ford Motor Cl mpany executive, D. S. Harder ,

• had independe.tt~ egun to use the word to refe r to “automatic handling of parts and
material. ”)

Diebold pointed out that people tend to think more of control of processes and
treatment of information as examples of automation , and tend not to include mechani-
zation of physical processes in this category. He considered this conception overly
limited and stated that automation should refe r to product and process redesign and
design of machinery, as well as to theory of communication and control.

Goals of Automatio n

Currently, considerable interest is evident in automation of systems and
processes in both the civilian and military sectors. The objectives behind the auto-
mation trend may be placed in two categories: (1) economic , and (b) engineering
(enhancement of capabilities). - -

~

Econo .ic In c entives

The incentive for automation which is most frequently noted has to do with
economics. In military and civilian contexts, manpower represents an increasingly
large pe rcentage of fixed cost. The labor content in product cost may be limited
and often reduced by advances in automation. In its Monthly Labor Review, the U. S.
Department of Labor (June , 1971) reported an overall trend in industry toward utili-
zation of nume rically controlled machine tools. This trend was said to be due to the
significant reduction in production costs which is associated with adoption of numer-
ically controlled equipment. Similarly, the Department of Labor pointed out that the
economics of competition and rising wage, fuel , and material costs caused the rail-
roads to implement technological change with the result that between 1957 and 1972,
the railroad s were able to reduce manpower involved in maintenance-of-way by 50
percent.

In terms of ship construction, Plato ( 1974) stated that the shipbuilding cost -
per bunk equals $15, 000, and that the ship structure required per crew member
weighs five or seven tons.

Finally, Rubis (1972 ) pointed out that , in addition to reducing ope rating costs,
reduced manning through automation will help to relieve the sho rtage of mili tary man-
power. Automation may similarly raise efficiency of ut i l izat ion of men, machines,
and fuel .

9
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Eng ineering In centi v e s

A variety of benefits to speed , accuracy, reliabilit y, and capability of system
operations are available through automation. Rubis (1972 ) stated that the reliability -of operations increases with automation due to inc reased consistency of operation
within standard limits. He also expected automation to increase safety by reducing
opportunities for human error.

• The Navy’s new automatic message processing and distribution system (MPDS)
has dramatically inc reased the speed and capacity of communication with ships and
has achieved this with reduced manpower requirements. Gaites (1974 ) pointed out
that , with regard to detection and fighting of shipboard fires , “no patrol system can
equal the performance of the automatic sprinkler system.

According to Rubis (1972) :

The impetus to automate is in reality coming from the demand
for ever more performance from our (weapon ) systems . (p .66)

As an example, he cited the gas turbine ship drive . Gas turbines allow high
power density, fast engine start-up, and almost immediate power response. The
turbine plant which allows these benefits must be automated. Prevention of over-
overspeed , maintenance of proper fuel flow , etc. , cannot be accomplished through
human monitoring and control .

Of course , disadvantages to automation may be identified. Military equipment
must retain as much operability as possible while damaged or otherwise degraded.
Automatic controls generally lack the versatility to operate under heavily degraded
conditions when normal operating limits or normal methods or procedures must be
ignored. Manual procedures must be available as backup to automation in order for
operations to continue to the extent necessary after damage has been incurred.

Additionally, the consequences of offensive military actions can be most se-
vere. Accordingly, although weapon aiming, arming, etc . ,  is being automated , con-
siderable reluctance exists to automate the actual command to fire. This is so de-
spite the admonition that only a speed-of-light response may be adequate to counter -
an attack by a weapon, such as a laser, which is delivered at the speed of light (Siegel
& Williams, 1976) .

M e a s u r e  a n d  D e f i n i t i o n  of Automation

Given a constant amount of work to be performed by a man/machine system,
its degree of automation may be gauged through the number of persons assigned to
the system. A fully automated system requires no c rew. A fully manual system re-
quires a crew of some size. Thus , the level of future automation may be defined as

10
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a function of the ratio of the existing crew size to the crew size under a zero auto-
mation ease. Consider a task which , under manual conditions , req ui res nine men .
Assume that with limited automated aids , a c rew of six can perform the task. Fur-
ther , automation allows task performance by a c rew of three. The ratios of c rew
size required under automation , to c rew size required without automation , ar e 6/ 9
and 3/9 , respectively. Subtracting from unity to cause large r values to reflect
higher levels of automation, the two cases become 1 - 6/ 9 = - 33 and I - 3/9 = . 67.
Or, as presented by Siegel, Wolf , and William s (1976), automation level P = 1 - 

~
,

in which n represents manning level under the degree of automation in question and
N represents manning level without automation . According to this equation , auto-
mation level varies between limits of 0 (fully manual system) and I (fully automatic -

system, unmanned) .

The equation requires that transfer of responsibility for special tasks to- - other groups, such as transfe r of food preparation tasks to supplying factories, be
considered automation, since shipboard manning level is affected.

Use of this equation assumes that the amount of work to be performed by the
man/machine system is held constant. If the amount of work changes, the necessary - •

manpower level is affected independent of automation. For example, such a change
in work load has occurred in Navy sonar operation . One operator and one super-
visor were assigned to submarine sonar functions during the World War II era. Mod- -

= em sonar systems are manned by a supervisor and three operators. This growth in
manning is clearly due to management of increasingly capable sonars, not to retro- =
gressiot-i of automation in this system.

To account for this situation , the concept of complexity of the task is intro-
duced in later sections of this report (see Chapter IV) .

I I
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• CHAPTER II

ALTERNATE MODEL APPROACHES

Siegel, Wolf , and Williams (1975) included an overview of the approach, the
logic, and content of four stochastic computer simulation models for predicting man-
power requirements for ships of the post year 2000 era. The four models described
are: (1) a technological extrapolative model, (2) a volumetric model, (3) a linear
programming model, and (4) an automation level model. They are summarized here
for bac kground information and to show the origins of the currently envisaged ex-
tended automation level (EALM) model (Chapter IV) derived principally from the auto -
mation level model.

The phrase “ship function ” is used to identify an integrated set of tasks per-
fo rmed on board ship for all of these models, as well as throughout this report. Ta-
ble 2 show s 12 prominent ship functions together with the current and projected post
year 2000 values of automation level as determined on the basis of interview derived
ratings of nine subjects. The ratings are on a 0 to 4 scale and not on the scale dis-
cussed in Chapter I.

Ta b l e 2

Sh i p Functions and Their Automation Levels

Sh ip Function 1975 2000 Difference

1 19 2 26 1.07 Automat i on LevelI Sonar . .

2 Fire Contro l 1.46 2.83 1.37 Code.
I - ° -~ 1.48 2.78 1.30a ar 

2 22 1 .15 0 - f u l l y  manual4 Commun i cations 
50 208 1.58 1 - slight automation

~ ~~~~:ance 

~ ~ : rnoder te~~utorflati0n

8 Propulsion 1.33 2.76 1.43 4 - f u l l y  automated

9 Air Support 0.86 1.95 1.09

10 Administ ration 0.46 1.58 1 .12

1 1 Cc.mrnand & Contro l
— Center 1.12 2.29 1 .17

12 Mess i ng 0.50 1.83 1.33

AVERAGE 0.978 2.209 1.231
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The Technolog ical E x t r a p o l a t i v e  Mo del

In the technological extrapolative compute r simulation model, emphasis was
placed on numerical extrapolation of individual technological developments into the
future (beyond the year 2000) . The premise was that changes in technology will re-

• flect not only on the equipments of future ships, but will also determime the missions
of such ships including potential missions not now performed by ships at all. In de-
scribing this model, potential technological changes in the fields of electronics, sig-
nal processing, computational sciences, communications, materials, satellite sup-
port , energy utilization , lasers and displays were considered .

In order to predict the requirements of future  ship systems, this model in-
cludes the calculation of interpolated values of technological capability for each tech-
nology area for the future time period to be simulated . A technology level is then de-
termined for each ship function at that future time period , based on a table of depen-
dency data. These data , provided as input , quantif y the estimated relative importance
of each technological area on each of 12 existing plus other defined ship functions.
From this , the manning required is calculated and compared against the size of the
crew to be simulated (specified as input) to determine how well the simulated c rew

• performs.

Output is displayed for the future time pe riod selected and includes c rew pe r-
formance projection , predicted technological levels , crew assignments, rates of per-
sonnel utilization, areas of over or undermanning, and a numerical value for  ove rall
man/machine system effectiveness.

Vo l u m e t r i c  M o d e l

The volumetric model emphasizes the projected allocation of space in future
ships to estimate the manning requirements for ship systems well beyond the year
2000.

The space for equipment and personnel will vary as a function of future tech-
nology. Additionally, separation or combination of ship functions and assigned re-
sponsibilities will influence manning levels, space, and performance. To overcome
the problems of conjecture and opinion involved in projecting as far into the future as
post year 2000, this computer simulation model would simulate changes for a large 

• 

-

number of hypothetical ship functions , each characterized by a number of parameters.
The model would compute the volume available per crew member per function over a
30-50 year period. To implement this approach, typical curves representing varia-
tion in equipment volume over time are prestored for use singly or in combination
during simulation. Some would reflect dramatic increases in volume as new equip- - •

meri t is introduced; others would show gradual increases or decreases, while still
others reflect dramatic decreases due to technological breakthroughs or integration
(consolidation) of ship functions.

14
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The input parameters would include the time period to be simulated, a man-
power “crowding ” thre shold , and printout detail options . Other input data would spe-

• cify the urgency of ship functions , personnel required for various performance levels,
and equipment volumes over time.

Output results would includ e equipment , manning assignment, unfeasible solu-
tions , and feasible crew volumes by ship function . Data wo uld be made available by
time period to provide a history for each ship function.

L i n e a r  P r o g r a m m i n g  Ap p r o a c h

Linear programming has become a standard mathematically oriented tech nique
for maximization or minimization of some objective while satisfying constraining in-
equality conditions. For future ship simulation, the solution of the linear prog ram is
considered to be a potent ial subroutine embedded within one of the other models rath-
er than a complete independent model of future ship manning estimation per se. It
serves the purpose of optimum allocation of men to ship functions , from among the
large number of potential feasible allocation schemes.

The crew is divided into a series of personnel types (specialties), and a matrix
of data is input to the program indicating the percentage of the work which could be I -

accomplished adequately by each type of man for each ship function. The “cos t ” of -

each type of personnel is also provided as input. Total cost serves as the function
to be minimized. The principal output would be the number of men of each type to
assign to each ship function . These data would then be available to the other models
to allow the determination or measurement of adequacy of ship performance.

Automation Level Model

The automation level model is based on the concept of extrapolating nume ri-
cal values for “levels of equipment automation ” for  i ndivid ual ship f un ct ion s into the
future. It allows effectiveness values to be estimated by simulation for given future  

• =n•aval vessels, considered as man/machine systems. The implementation involves
the determination of the total effort (man hours)  requi red during a shift or watch of
prespecified duration on the ship to be simulated. This is accomplished by extrapo-
lating know n 1975 automation levels for each of the 12 ship functions into the future.
The Logistic (Pearl) Method is used for extrapolation. Given the workload , crew
work speed , and crew qualification level parameters, an estimate is mad e of how
well this given crew “performed ” during a simulated shift . During each simulated
computer run , men are assigned to ship function , and calculations based on prede-
termined program logic determine the ship system performance results.
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This model lends itself to interactive ope ration by a ship systems analyst who
operates a computer terminal, provides input data , make s run requests, and observes
results. Such results would include the following for the future time period of inter-
est: -

projected trends of automation - - :

c rew perfo rmance by ship function -

• ship system efficiency -

distribution of personnel time (ove r or undermanning)
effects of personnel crosstraining

I
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CHAPTER III

UTILITY OF THE GROWTH CURVE

Theory and Use of th e G r o w th Curve

In the development of various elements leading to a predictive model for fu ture
manned ships, the concept of technological improvement arose early and was readily

• - identified as a critical element. TvTany of the scientific disciplines which could ~~flu-
erice crew or ship performance were outlined in Siegel , Wolf , and Williams ( 1975) .
The effect of suc’~h technology changes was seen to lead to the notion that automation
levels in future ships could be expected to exhibit “continued growth. “ That is , in-
creased automation of the various equipment and procedures which consitute the ship
functions of current and future interest is expected to have a major effect on ship’s
manning and thereby ship ’s effectiveness.

Therefore , the treatment of the theoretical aspects of growth and growth d y-
namics was considered important in its own right as a basis for development of cer-
tain attributes of the anticipated predictive model. This chapter serves that need by
presenting a discussion of the theoretical aspects of growth , together with some com-
ments as to its application.

Sc o p e

The development of growth theories evolved from a need to analyze arid quan-
tify the growth of plant and animal l i fe--fo r , it-i fact , all living things grow. The bi-
ologist would assert that all growth , including that of populations, is fundamenta l ly  -

a biological matter. Even though our ultimate goal is am understanding of onbiologi-
• cal growth , we find th at the lion ’s share of research into g rowth has been accomplish-

ed by those whose interest is in plants and animals. Nor  is this biological/mathemat- -

ical growth research exclusively rece nt. Pearl ( 1925) reported that :

. the law according to which th e  growth of populat ion takes
place , a Belg ian mathematician , P.F.Verhulst , had , as early
as 1838 used this same (growth) curve which he called the
“logistic curve” as the expression of the law of population
growth.

• We will see that the same basic characteristic formula and anal yses which satisfac-
toril y de scribe biological growth of an individual  have also been successfully applied
to the growth of aggregates of like entities , i. e .,  populations.
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Gro wth of a popu Lation involves replication of its individual  members. The
population of number of organisms of a single species is normally measured by a
count of its membership; its productivity is deter mined by the number of new individ-
uals produced per uni t time or by its mass or volume; its densi t y is measured by the
number of individuals  per uni t  area or volume. Popula tion g rowth is achieved by
birth and immigration. The size of a population is decreased by death and emigra-
tion. Yet , in most theor et ic al considerat ions of pop ula t ion dynamics, immigration
and emigration are ignored . Only birth and death rates are logically concentrated
on. -

Correspondin gly, growth of an individual involves rep lication of cells and
growth of cells, in turn , involves replication of molecules . Much is known about
the mechanism of growth of biological organisms composed of cells, which take in
material  and build them into protoplasm, the living substance of which the cell itself
is made. Thus, single cells grow from within (intussusception) , yet can divide to
form other cells . The repetitive process of expansion and division (i. e .,  reprod uc-
t ion )  is cen tral in the growth of living organisms , and proceeds as the cells are dif-
ferentia ted into specialized tissues (skin , muscle, etc. ) under  the control of regula-
tor substances (hormones) .

Thus , growth of population , individual s, ari d cells involve completely diffe rent
ph ysical ari d biological mechanisms. Nevertheless, the develop ment of a general the- -

ory of growth , includin g equations to reflect the observed growth curv e characteris-
tics , has not tradit ionall y proceeded from such an anal ysis. The shape of the “growth
curv e” is suffici ently simple and well defined that various investigators hav e found it
usef ul to be studied in its general form as shown in Figure 1. In Figure 1, the size of
the object or popula tion being studied is shown as a funct ion of time. Also identified
are the principle elements of the phenomenon of growth. The x-ax is represents time
but scali ng varie s w idely dependi ng on the organism or population (f rom a few minutes
f or bacteria to centur ies  for  the sequoia) .

Three functions are shown in Figure 1:

1. potential  growth in an unres t r ic ted  environment
2 . growth in a limited envi ronment
3. ra te of growth in a limited environment

These will be discussed in subsequent sections.
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The growth of living things has had considerabl y more attention that the growth
of inanimate objects , and no general g rowt h dynamics theory exists for inanimate ob-
jects. In the case of some inade qu ate object s, e. g. , the formation of crystals ,

• “growth ” does occur but is limited. Crystals can increase in size but are unable to -

reproduce themselves. On the other han d , animate objects are not to he thought of
as static. Even when mature , the adult plant or animal interacts with its environ-
ment most intimately. Thu s, all animate growth must be considered as a t ransfo r-
mation that occurs within a system consisting of the organism(s) and the environment
by which it is sustained.

External Influen ces

A variety of external conditions can materially affect t~~ growth rate. In most
analyses , it is assumed that: (1) conditions are adequate so as to promote growth , and
(2 )  conditions are not changed ove r the t ime period under consideration . The assump-
tion that the total envi ronment is limited is also made in some cases. For g rowth of
plants, such factors as heat , li ght , humidity, soil , and gravity are important.  In
the general case for biological organisms, ranges exist which are conducive to growth , -

e. g. ,  temperatu re , atmosphe ric composit ion , and available source(s)  of sustenance.

For the case of technology growth in the Navy, the analogy of adequate condi-
tio ns implies an absence of major national disasters, e. g.,  an intact economic/ indus-
t rial complex an d con tinued sat i sf actor y poli t ical climat e which devotes adequate bas ic

and applied resea rch re sources to f ields whi ch could impact on ship d esign , and which

con tinues to support a need for  competitive (naval) power.

Linst one (196 13) pressed the matter fur ther .  Supporting Quinn ( 1967) and
She rwin and Isenson (1966 ) , i n essence, Linstone concluded that the mere availabil-
itv of excess technological capacit y is insuff icient  in itself to cause technological
growth:

In f ~~~t , a technology is only u t i l i zed  if it responds to a

.technolog ical innovation was hi ghly cor related with  need-
recogni t ion .

Thu s, any method or model which attempts to predict future  ship manning

which is so closely dependent on technological achievement of automation must make
assumptions about the future  need levels not only in resources available for techno-

- 
- 

logical research , but also about the naval needs generated by fu ture  wars  of various
types , political alliances, and the like.

All of these assumptions appear reasonable relative to the work of the present

program.
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The Unre stricted Environm ent

Assuming no changes in external influences , a population of size N (t )  of time t

in an unrestricted environment would grow indefinitely. Mathematically, one way to

express this situation is by a growth rate at time t which is proportional to the size

of the individual (or population) itself. This is represented by the differential oper-

ation :

• 
dN ( t )  rN(t)

where:
N(t ) = population size at time t
r = intr insic rate of population increase or size of the

individual

The solution of this differentia l equation provides an expression for the size of the

population :

N ( t )  = Ce rt

where :
e = natural logarithm base
c constant

Exceedingly rapid population explosion is anticipated with this exponential form , as

shown by the “potential growth ” curve in Figure 1. Every plant species is theoretical-

ly capable of overflowing earth resources if unrestricted growth continued , as de-

fi ned by this equation . A simple numerical example is illustrative. If initial popula-

tion N (0)  = 1 when t = 0, and the growth rate is 10 percent per time pe riod (r = . 1) ,

then C = 1 since 1 = Ce° The anticipated population size for  selected time periods

is:
Time Size -

t N(t)

1 1. 1 =

10 2. 7 e
100 2 . 2x 104

1000 2 . 7x1043 =

(In the mathematical analysis of this and subsequent equations , i t is assum ed

that the population size N (t )  is a continuous function of t with a continuous derivative

at each instant.  This assumption may not strictly hold for populations of individuals

because changes are , in fact , quantum integer values. It is, nevertheless, a reason-

able assumption in practice.

Accordingly, the utility of the exponential growth function is limited to instruc-

tional value or to interest  dur ing the early growth period pr ior to the t ime when en-

vi ronmental limitations effects are noted.
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Limit ed Eny jr onm ent s /Techn ol og ie s

Consider the more practical case of growth in a closed or limited environ-
ment. This is a realistic restriction since real growth is, in fact , limited and neither
organisms nor populations exhibit unending growth.

In biological population growth (such as yeast growing in a limited nutr ient
medium, rats in a finite space, or fruit  flies in a bottle), there is a ceiling on growth
at the approach to the limiting condition . The simple effect of overcrowding limits
the rat e of growth. Licht ( 1967) indicated for example that “Numerous studies have

• shown that crowding in tadpoles results in inhibition of their growth rate.

Observation and experimentation have shown that crowding does in fact pro-
mote increased death rates and inhibit reproduction among various animal species.
Sickness (promoted by greater proximity), malnutrition (due to limited food and water)
and increased psychological stress may weaken individual s -and interfere with mating
in overcrowded situations. Severe overcrowding is considered a limiting and eventu-
ally an inhibiting factor in population growth. As these conditions are reached , popu-
lation growth is said to encounter “environmental resistance. “

Black and Edelman ( 1970) indicated that control over plant growth is exerted
by chemicals (the phytohormones) through which limitations of the environment oper-
ate.

In the case of technological changes leading to growth of automation levels in
ship functions, limitations can be considered from two points of view. First, there
is the primary ceiling which is represented by the concept of complete automation,
Certainly, technology cannot progress beyond the situation where there is complete
absence for the need of any human intervention in a given ship function ’s tasks. This
is the case in Table 2 , represented by an automation level of 4. He re, complete
automation, though a theoretical possibility for some ship functions , is a state which
is seldom desirable in practice for most ship types. For example, the complete
automation of the food function could be accomplished with today ’ s technology by fully
automatic vending machines, loaded only at port , together with disposable dishes
and utensils . Ignoring practical acceptability for long missions, this approach is
more akin to removal of the ship function from consideration than to full automation
aboard ship.

The second technological limiting concept is that presented by Lenz (1968) :

Exponential growth tapers off when the technical area becomes

so large that it competes seriously with other areas for fund-

ing or when the technical field becomes “mature”. . . .when a tech-
nical field becomes specialized , standardized and overorganized ,

limits are placed on improvement in that field .
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The discussion presented above seems to just ify a conclusion that a l imit ing
condition will be exhibited as a growth retardant to full automation in the Navy. Pos-

- - sible limiting conditions may be~
• - 

S the unacceptability of full automation to commanders as well
• as to ship designers

• the extensive technical difficulty or inherent impossibility
of complete automation to the point of no manning

• the increase in cost per unit of increased automation com-
pared to the cost of personnel as the full automation situa-
tion is approached

• the maturity of technological progress in certain areas re-
sulting in lesser funding and attention

Carry ing Capacity

The biological carry ing capacity concept is introduced to clarify these limit-
ing aspects. Carrying capacity is defined as the maximum stead y state population
of a given species which can be supported per unit area or volume. Since it is a -

steady state situation , the value can be exceeded in practice for short periods (e. g. ,
in locust hordes which easily exceed the capacity of unit  land to provide for a long
term, supersaturated populations) . Yet , the nominal limit set by some physical
feature , such as food supply or space available, usually applies ove r the long term.

• The term “environmental resistance” has also been used to express this same con-
cept that the resistance to further  growth increases as the envi ronment approaches
saturation. This limit is represented by the asymptote in Figure 1.

Experience of many observers has shown that under  some limitation , appro- -

priate to the population being studied , the population curve follows the S-shaped (sig-
moid) growth curve shown in Figure 1. This curve appears to be symmetrical about
the point of inflection , the point at which the growth rate assumes its maximum value.
As summarized by Black and Edelman (1970), this curve shows an in i t ial  small in-
crease or lag phase , a faster or log phase, and then a plateau whe re growth has
stopped . The part of the curve before the plateau is usually logarithmic to some
extent but rarely follows (in practice) a perfect logarithmic curv e because of the
complexity of factors which influence and control the g rowth process. Generaliza-
t ion of this curve has resulted in equations of the form:

. = r.N.f(N)

in which the factor f(N ) is selected for its l imit ing or damping effects so as to assume
a value of zero when N is very large. This implies it-i c reasinglv small g rowth as the
population inc reases.
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As a special case of limited growth , consider next the situation in which the
population is assigned a maximum value M. This could represent some limit of food
suppl y or physical space necessary to sustain M.

If we furthe r assume that f(N ) = M-N , the rate of growth is a function of the
unfulfilled potential M -N , where N is the current size of the organism or population ,
We thereby mathematical ly induce M as an asymptotic maximum.

• = rN(M-N)

If r and M are constant , then a solution of this equation is of the form:

MN — 

1 — e
_ A (t_ t o )

where A is a constant and t o  is the time at which N = M/2.

Pearl ( 1925) showed that the curve for the growth of a population of single
cells is essentially the same in shape as that which was seen to describe the growth
in size of a single individual multicellular organism. He also showed the applicabil-
ity of this S-shaped curve to the human population of countries. He found that “all the
complexities of human behavio r , social organi z at ion , economic s t ructure , and politi-
cal activity do not seem to alte r those same biological forces which dete rmine the
growth of human populations as well as yeast cells and f ru i t  flies. “ He fitted size/
population data to the generalized growth (logistic) curve which is similar in fo rm to
the one above:

Y = B +  
A 

2
c + e

D1+
~
)2~~~~~

)3 X +D4 x3

by f inding numerical values of the constants A , B, C , D, . . . , D for each populat io n
studi ed . n

= An even broader attribution of capability is bestowed on the sigmoid curve by
Strassman (1976 ), and one more directl y related to our interest in technology growth: -

“S” is the shape of growth. The “S” curve can be used to
apply to the origin and growth of anything. It reflects the
outcome of the underlining structural conflicts and balance
from the conception to the maturity of any phenomenon. It can
be found to represent histories of society (as expounded by
Sperigler to Toynbee), success patterns of organizations , mar-
ket penetration patterns of products as well as life cycle of
technolog ies.
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Ayres (1969) and Hicklets ( 1967) summarized the work of Pearl and othe rs in
developing equations to reflect the sigmoid curve . In addition to the logistic equation ,
there are two other well known 1’growth ” laws. The three are shown in Table 3.

Ta b l e  3

Comparison of Three Si ftmoid Equations
4;

Equa ti on Form
For Weight of a

Eq uat i on Typ e Grow i ng Org an ism I n f l e c t i on Poi nt

1
Logistic -Kt 1/2

1 + be

Goxnpertz e
_bK _Kt 

1/e

von Bertalanify [ 1  - be Kt
1 ~ 8/27

In Table 3, K is a constant proportional to the growth rate and b is a constant
such that the point of inflection occurs at t = 0 when b = 1 for the logistic and Gompe rtz

C equations and 1/3 for the von Bertalanff y equa tions. Although the equations appear
very different in mathematical form , if the curves are superimposed with equal slopes
at the point of inflection, they are difficult to distinguish. All yield the characte ristic
S-shape.

Ricklets (1967) calculated conversion factors for each of the three curves over
C. the ranges of values take n at each one percent interval of the upper asymptote. He

showed how these factors may be used in a simple procedure to facilitate the deter-
mination of the constants K and b for any of the three operations in Table 3 f rom ex-
perimental data. This graphic method solves the curve fit t ing problem at a leve) of
approximation adequate for practical work on most measured data sets. During the
process, the user is also able to determine the best of the three equations .

As an example , he showed that the weight (in grams) of the cactus wren is
given by the equation of the logistic form

31. 4w = -0. 394(t-6. 4)
1 + e

where 31, 4 is the asymptote determined graphically, -0. 394 is a specified simple
fu nction of dWi/ dt determined by g raphing selected conversion factor constants , t is

$
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time it-i days, and 6. 4 is the age of the wren at the point of inflection . The onl y input
is the weight of the specimen wren(s) at dail y intervals from 1 to 18 days.

Siegel, Wolf , and Williams (1975) discussed their investigation of these three •

alternative curves and found the logistic (Pearl) equation to be the most satisfactory
for use in predicting level of automation. The scaling of the growth of the item being

~measured ranges asymptotically from 0 to 1 (not inclusive ) as a function of time.
Thus, the “no automation1’ and “complete automation ” situations are never achieved.

They considered the automation level

1_ A e ~~~
t

If at t = 0, p = Po > 0, then 
- 

=

1 r i 1 I l - Po lP o =  
~~~~~~ A = [p ~. _ l

j  [ ~~0 j

where P0 = automation level at time t = 0.

If at t = t1> to, P Pj > 0, then

—Kt (1— F ) P0 —Kt i — 
( 1— P 1)P 0e = F( 1—P o) e — 

P1 (1—P 0)

I ~Kt~1t/ t 1 - 
[( 1-P 1) Pp

e = j e j  - 

[Pi(1-Po ) 
J

Therefore, the following expresses the automation level P as a function of t ime t :

1
= 

11+ 1—P p~~1Pp (1— P i)Tt/t i 
(1)

I PoJLF i (l Po)J

This equation is hereafte r referred to as equation (1) .
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Ch ang ing Conditions

All of these findings on growth continue to apply so long as the principal con- -~

ditions , including the limiting factors , remain constant. If a condition change s sig-
nificantly (e. g., temperature, food , or space for plants and animals, or economic
conditions for technology), a new growth curve which possesses different constants
may become applicable.

Accordingly, a given S curve is applicable over an era or  an age when con-
ditions are not materially altered. Following some evcnt , change of habit , war , or
new cultural situation, a new growth cycle starts from a baseline of the alread y at-
tained level at the end of the old epoch.

As a demonstration of this , Pearl (1925) graphed and derived equations for the
population of Germany through its industrialization period (Fi gure 2) . Note the shift
in Figure 2 from one S curve to another du ring the period 1850-1875 . and the fact
that each curve possesses both a theoretical lower limit and an uppe r limit .

But the influence must be truly significant to divert the growth to another -

curve. As an example of the extent of insensitivity, Pearl showed that the native popu-
lation of Algeria was unaffected by the introduction of the practice of contraception
and improvements in public health.

Growth Curve Extr apol ations for N a v y  Sy s t e m s

It was recognized that prior to the contemplated use of the growth curve for -

extrapolation of automation levels, its validity for naval applications required demon-
stration. Intuitively, it seems that the logistic curve should apply equally well to any
situation in which an analogy to biological growth between a floo r and a ceiling value
is tenable. However-logical and reasonable its use may seem, any model in which
it appears would be enhanced considerably by such a demonstration.

The present approach to ve rification was to develop a growth curve for  each
of four ship functions on the basis of historical data. Then projections of each growth -

curve were compared with actual data. Next , a least square best fit curve was de- -

termined for each function, These best fit curves were used , in turn , to predic t
manpower requirements.

S e l e c t i o n  of Shi p F u n c t i o n s  f o r  A n a l y s i s

Of the 12 ship functions listed in Table 2 , four were selected as rep resentative
since they are characterized by substantial ranges of automation level: messing, so-
nar , propulsion , and ship control.

27

S 
~~~----—-——-- •---• ~~ -- -- ---—-—— —- -—--~ -- • • -• - -—— •



- - --
~--~- -

~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ -~~~ ______________

El

120 - UPP ER L I M I T , NEW CYCL E~ 116 • 5 N
6•~~II0~

00 ,

::~POPULATI ON 
/70 -OF GERMANY

60 0
(MILLIONS) 0

0
50 a

0
°~~— —  —~~— UPPER L I M I T ,40 , 0

LOWER LIMIT , ~~~~~~~ — 
~~~~~~ 

~ 
0 

OLD CYCLE = 44.1 N
30 - NEW CYCLE 33.6M a

20 . J

10 - ~ LOWER LIMIT, OLD CYCLE 10. 1 M

0 I • I ‘ I I
1700 1750 1600 650 1900 1950 2000

OLD CYCLE (TO 1855) y 10.109 + 34 , 036 _

1+ 2.495e 0 0394’

NEW CYCLE (FROM 1855) y = 3 3 .S$7 + 
82944

I+297 546.
_0 0472x
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The automation of these ship f unc t io n s  as they exist on destroyers was selected
for stu dy d ue to th e ex pec t ed availabili ty of data sources applicable to this large class
of ships.

A u t o m a t i o n  Da ta C o l l e c t i o n  P r o c e d u r e

Searches were made of potential civilian and military sources of published in-
formation through which automation levels migh t be determined. No usable informa-
tion sources were found. Accordingl y, his torical automation data we re obtained
through estimation of automation of particular system functions by persons with ex-
pert knowled ge of each selected ship function.

For each ship system studied , a list of man/machine  funct ions was developed.
These lists contained 25-30 items each. The f unc t ion lists were developed on the
basis of general knowledge of project personnel and examination of descript ions of
relevant Navy ratings as found in NAV PERS 18068C (Bureau of Naval Personnel , 1971 ) .
Each function list was checked for comprehensiveness and freedom from redundanc y
by Navy officers with depth of operational experience aboard destroyers.  The four  

-

function lists , as they appeared following the review by the Navy of f icers  are pre-
sented in Tables 4 through 7 .

Data C o l l e c t i o n  Procedure s

Data describing the automation level of each listed item for  each ship func t ion
were sought relative to three points in time. Navy expe rt s were in terviewed in o rder
to obtain ratings, according to the scale shown in Table 8, f or levels of au to m ation
of each listed item within each ship function for  which the interviewee was knowled g-
able , togethe r with the no rmal manning levels of these systems. The interviewees ’
knowledge was gained through operational , administrat ive , and R~cD exp erience.
Data were collected describing each system in the early 1950s , the earl y 1960s , and
at the pre sent times in ships representative of classes which were new at those t imes.
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Lis t  of Mess in g Funct i ons

1.  Preparing baked goods
2. Serving food and ten d ing  tab l es
3. Ordering food
4. Preserving an~ storing food
5. Cle aning eating utensils , food storage spaces , an d cookware

and equipment
6. Controlling qualit y of prepared food
7. Preparing menus
8. Inspecting eating utensils , equipment and personnel
9. Training mess system personnel
10. Maintaining inventory contro l of food stores and utensils
11 . Preparing dail y ration report
12. ‘~aking up dail y and weekl y records
13. Making up  dail y head counts
14 . Preserving orier on mess deck
15. Executing ~att le messing procedures
16. ~-~on i toring the functioning of kitchen equipment
17. ~.1a intaini ng watch quarter and station b i l l
18. Picking up and de l iverinq mess laundry
19. Disposing of food and other related wastes
20. Cleaning deep fat fryers and equ i pment
21. Maintaining berthing space
22. Catering special events
23. ~ 1ie n cing food preparat i on events to meet deadlines
24. Using safety procedures and precautions

• 25. Receive training
26. Prepare vegetables
27. Pr pare meat and eggs
28. Prepare potatoes
27. Prepare salads
30. Rep l enishment
3 1. Pr epare desserts
32. Stowage and breakout
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Table 5

List of Sonar Functions

1. Select modes
2. Select  v i sua l  d i sp l ay  formats
3. Select integration times
4 . Select hydrophone arrays
5. Select filter s
6. Select f requencies
7. Select bands
8. Select beam wid th
9. Select D/E ang l es
10. Select active pulse parameters
11. Use noise suppression techni quos
12. Record contact
13. “Tag ” targets
14. Track target
1 5. Determine re l a t i ve  and/or true -ar ing  of target
16. Determine target bearing d r i f t
17. Determine target speed
18. Determine f igure-of -mer i t
19. Detect torpedoes -

20. Examine target signature on v i s u a l  d i s p l a y s
21. Evaluate harmonics
22. Iden t i f y  sounds of sh ips , marine l i f e , and other phenomena
23. Operate str ipchart  recorder
24. Furnish sonar reports
25. Operate underwater te l ep hone
26. Operate BT
27. Interpret BT data
28. Inspect and mainta in equipment

-
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Table 6

L i s t  o~ Propulsion Subsystem Functions

1 . Taking on , transferring, and manag ing fuel
2. Testing fuel and water
3. Keeping logs and other record keeping
4. Executing casiialty contro l procedures
5. Performing on boa rd training
6. Using safety procedures on self , others , and equ i pment , etc.
7. Keep ing up f u e l  s e rv ice  system
8. Maintaining propulsion cooling system
9. Detecting abnorma l conditions at CCS
10. Performing functions in accordance with standard operating

procedures
11. Performing w i t h  a know ledge of intersystem re la t ionsh ips
12. Imp l ementing power d is t r ibu t ion procedures
13. Exerc is ing know ledge of system l im i ta t ions
14. Ma in ta in ing  d is t i l l a t i o n  systems
15. Operating and main ta in ing a u x i l i a r y  equ i pment , e.g.,  a i r  compressors ,

steering s t a b i l i z a t i o n  gear , etc .
16. Demonstrating know l edge of equ i pment locat ions
17 . Operat ing ECS (CCS )
18. Perform ing funct ions consistent w i t h  engineer ing watch structure
19. Coord inat ing between CCS and other stations
20. Performing funct ions consistent w i t h  PMS
21. Operating turb ines
22. Ma in ta in ing  turbines
23. A n a l y z i n g  e lec t r ica l , mechanica l , and electromechanica l problem s
24. Performing preoperat ional  checks and operat ing procedure at CCS
25. Mon itoring system state at CCS
26. Operat ing at damage contro l / f ue l  contro l consoles
27. Operat ing and ma in ta in ing  sh ip  serv ice gas turbine generator

H



Table 7

List of Ship Contro l Functions

1. Performing outstanding duties (include bridge preparat i on for

• ge t t ing underway )
- 2. Use magnetic compass and gyrocompass

3. Use timep i eces and almanacs
4. Use , maintain , and stow navigational equipment (drawing instrument c ,

fathorneter , ra dar , sextant , stad i meter , star finder , sight reduction
tables , charts , etc.)

~~ . A p p l y  navi~~at iona l data and perform necessary calculations
6. Use visual aids to navigation
7. Prepare and maintain required records and logs
~~ . 2j n e r v i s e  and t ra in  personnel in navi 4ation al and watch standing

Fol low safety p rocedures
4 .  Co l lec t  meteoro log ica l data

11 . Perform functions needed for ancnor ing and rnoorin q
12. Collect navigational data (position , speed , etc.)
13. Determine position
14. Direct deck watch
15 .  Operate horn s (foghorn and s i g n a l )
16. Detect sh ips and other haza rds to nav iga t i on
17. Use maneuvering board
18. Determine and plot courses
19. Assure course/speed maintenance
20. Perform intership commun icat ions ( rad io , l i 9 h t , f l a g s , e tc . )
21.  Perform intraship communication
22 .  Assure sh ip  secur i ty  and integr i ty
2 ’ . Coordinate ship funct ions
24 .  Integrate formation from internal  and externa l sou rcus
25. -~ake tac t i ca l dec i s i ons
26. Avo id  obstac l es
27. Recognition of special s i tuat ions r e l a t iv e  to ship an i  n~ss ion

integr i t y
28. Der iva t ion  of appropr iate courses of act ion r e la t i v e  t o  such

spec ia l  s i tua t ions

- x
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Table 8

Scale of Automat i on Ratings For Interv i ews

Level of Automation — Automation Scale

Comp l etely Automated 1.0

Highly Automated 0.8

Considerab ly Automated 0.6

Moderately Automated 0 .4

S l i g h t l y  Automated 0.2

Comp l ete ly  Manual 0

Mean automation levels were computed from the ratings provided for each
time period. Automation levels for each ship funct ion were then plotted as a func-
tion of time. Future estimates of automation were then calculated by plotting Pearl
curves based on each available pair of data points and the assumption that growth
was bounded by 0. 0 and 1. 0. These curves were gene rated through the use of the -
equation:

1
= 

i+ ’~_ L- 1~~/ P0 ( 1 -P 1 )~~ t
kP 0 /\Pi (l— P o )Jt i

in which P0 is the automation level in the year to ,  and P1 is the automation level in
the year t 1.~ Varying t allows determination of estimated automation level P at any
year t , along with a growth curve passtng’ through the points (P 0 ,  t 0) and (P 1. t 1).

Details of procedures followed and results perta ining to the four systems ex-
amined are presented in the sections which follow.

* Th is equat ion is ident ical to that presen ted earlier , except t hat t he exponent
in the denominator is adjusted to allow entry of calendar years instead of time
d i f fe rence  in years .
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Messing

Automation and manning data were obtained from a single individual who had -

extensive operational and managerial experience within the naval food delivery sys-
tem. He provided automation data for the messing functions of a typical destroye r of
the early 1950s , of the Sherman class destroyers as they existed in the early 1960s ,
and of the Spruance class destroyer of 1976. The three ratings obtained are p resent-

~~
. ed i n Table 9 .

Table 9

Automation Leve ls ,  Estimated and Ca lcu la ted

Predict ion Calcu la ted From Automation Level
Mean R a t i n g  other 2 subject leas t  D i f ferences

Ship  Funct ion Year From Subjects data points squares f it ( a ) — ( b )  ( a ) — ( c )
(a) (b) (c)  (d )  (e)

MESSING
195 1( A ) 0.038 0.054 0.038 0.016 0.0
1962(B) 0.100 0.08 7 0.100 0.013 0.003
1976(C) 0.219 0.301 0.219 0.082 0.0

2000 NA 0.56-.81 0.68 -- --

SONAR
1952 (A ) 0.070 0.065 0.050 0.005 0.02
1 962(B) 0.195 0.202 0.1/9 0.007 0.016
1976(C) 0. 579 0.554 0.579 0.025 0.0
2000 NA 0.95- .96 0.97 — —  --

SHIP  CONTROL
1945 (A )  0.09 5 0.045 0.095 0.050 0.0
19 58(B) 0.158 0.230 0.158 0.072 0.0
19 76 (C )  0.562 0.296 0 .562 0.266 0.0
2000 NA O .56 — .94 0.88 — -  - —

1945(A ) 0.100 0.034 0.100 0.066 0.0
1958(B) 0.107 0.191 0.107 0.084 0.0
1 976(C) 0.400 0.117 0.400 0.283 0.0
2000 NA 0.73— .87 0.72 — —  --

*
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Growth curves based on these data are presented in Figure 3. Each of the
three curves is based on data points for two times: A and B (1951 and 1962) , A and
C (1951 and 1976 ), or B and C (1962 and 1976). Each curve passes through the two
designated points and shows predicted values of automation well into the twent y-f i rs t
century. For example, the curve based on automation levels at years A and B passes
through . 039 in the year 1951 and through . 103 in the year 1962. At the point corre-
sponding to the year 1976 , the value of this curve is . 301, which differs fro m the
mean rating given for 1976 by . 082 on the automation scale.

Of the automation levels at the three calendar years 1951, 1962 , and 1976 ,
each automation level is predicted by only that one growth curve which is d raw n
through the othe r two data points. The single prediction of each point and its abso-
lute error relative to the mean of the corresponding automation ratings made by the
interviewee are shown respectively in columns (b) and (d) of Table 9.

The predicted automation levels for messing in the year 2000 are . 807 , . 642 ,
and . 564 for the A-B , A-C, and B-C curves respectively. The data point B. repre-
senting automation level in 1962 , appears too high , in the context of the other data
points. This point appears to cause the variability in prediction . According to the
interviewee , initial advances in automation of messing were controlled by equipment
developments such as refrigerators, slicers, and potato peeling machines. More
recent advances in the automation of the messing function have been due to advances
related to food itself . Examples are provision of highly palatable, dehyd rated foods ,
freeze-dried foods , convenience packaging, and factory prepared foods. It may be
that automation in messing has entered a second growth cycle since 1962 , and that ,
acco rdingly, the B-C curve most accurately predicts development in this field.

Sonar  Sy s t e m

Interviews were conducted with three persons holding extensive experience
in operation and development of surface ship sonar. All three persons, when inter-
viewed individually, indicated that the sonar activities of interest were completely
manual on all surface ships including the most recent . They stated that submarine
sonars have been automated to a substantial degree, but funding had neve r been re-
leased which would allow surface sonar to advance in automation .

Accordingly, development of automation in submarine sonar systems was
examined. An additional individual , possessing consid e rable experience in the devel-
opment of submarine sonar , was inte rviewed. He was asked to rate the automation
levels of each listed sonar activity relative to three submarine types. For early
ratings , the interviewee rated the automation of the activities as they were pe rfo rm-
ed using the BQR -2 and BQS-4 sonars , as in Guppy type submarines ( 1952) . The in-
termediate ratings were based on the sonar of the Permit class (SSN 594) of 1962.
These ships carried the BQQ-2 system which was composed of the BQS-6 (active),
BQH-7 (passive) and BQS-8 and BQS-13 (active/passive) sonars . Ratings of automa-
tion of current sonar were made with regard to the BQQ-5 system.

36



rI ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
-

a

C L
i’

.L 1
I V  I
I 1 - op N

C

C 
0

- g  ui
N Z

0
I.-
0
2

I C  0 
0

— :
Cl,

. (I)
LU

a~
0
2

C 2

I
2

0
a)

7 - .  I—

0

0
U

“aI,
— 

0
0.

N)

0
• 0

a,

I I I

o • • p.
. ø~ N -

- 
. - - 0

z
0

1* 4



-

As shown in Table 9, the difference observed in predict ing each data point
from projection of a growth curve based on the other two points is quite small.
Similarly, when the th ree growth curves are extended in t ime, they are nearly
superimposed on each othe r, as shown in Figure 4 .

Predicted levels of automation in the year 2000 , based on the three devel-
oped curves, range only from . 954 to . 964. It appears that automation of subma-
rine sonar, as viewed by one expert judge , is developi ng very rapidl y and almost
exactly as is predicted by a single cycle growth curve. Furthermore, automation
of submarine sonar has already entered its period of formalization in the terminol-
ogy of Nolan (Strassman, 1976).

P ro p ii 1 s io n

Ratings of propulsion system activities were collected relative to three
destroye r classes: the Gearing class [DD71O] ( 1945) , the Forrest Sherman class

- - -  - - - TDD9~11 ( 1958), a~ d the Spruance class [DD963 1 ( 1976) . Rat ings were p rovided by
three senior enlisted persons and one officer. The four interviewees were inter-
viewed as a group and agreed on each funct ion ’s rating that was made.

As shown in Table 9 , errors in prediction wi th in  this data set were relative-
ly large. Examination of the curves (Figure 5) shows that recent advances in auto-
mation have been considerably greater than would be p redicted from earl-~er trends
(the A-B curve) . In this regard , it is noted that the 1945 and 1958 ratings were
based on steam turbine propulsion systems, while the 1976 ratings reflect opera-

— tion of a gas turbine plant. A gas turbine power plant requires a high degree of
automation. It would appear that introduction of the gas turbine plant may h ave
initiated a new , more rapid , growth cycle in propulsion system automation. The
The high mean rating in 1976 (. 562) indicates that automation of p ropulsion sys-
tems may also be entering its period of formalization .

Shi p Control

Ratings of autom ation levels for the listed ship control functions were pro-
vided by persons who possessed operational expe rience and by persons who were
involved in ship development.

One b ridge-rated officer estimated the automation levels representative of
each of two World War II vintage destroyers on which he served: one Fletche r class
and one Gearing class. The ratings of these ships were averaged , as we re the
years in which they were commissioned to obtain data point A. A single officer
provided the ratings of the listed activities as they were performed aboard a Forrest
Sherman class destroye r commissioned in 1958. The mean of these data is repre-
sented by point B. Point C is the mean of ratings independent l y made by two per-
sons involved in development of the Spruance (DD963 ) .
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Examination of Table 9 and the associated Figure 6 indicates that essentially -

no growth occurred in ship control automation dur ing the interval between data points
- C A and B. A substantial change occurred , howeve r, be tween 1958 an d the p resent . A -

new growth cycle has apparently begun.

One overall by-product from Figures 3 through 6 is the impact one receives
— on realizing t~’e high level of automation level growth now projected . From inter-

viewee dat a alone, automation levels are expected to reach a 90 percent level at about
the following periods :

Function Year

Messing 2020
— 

~ r 
Sonar 1990-1995
Propulsion 2010-2020

- - Ship Control 2005 -2020 j I

We are left with the impression that , although men have been sailing in ships
for thousands of years, and using them as fighting instruments for at least 500 years
(??) ,  with an almost completely nonautomated approac 1-~. it appears that during the -~ I
relatively sho rt span from about 1925 to 2025 , almost complete automation is sug-
gested.

Best Estimate Log istic Curve

- In most cases, the sets of curves in Figures 3 through 6 in~iicated a ran ge
when alternat e data points are selected as the basis for projection. Accordingl y, a
single, “best estimate” curv e for  each ship function was believed to be useful .

I
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This section presents the methods , proced ures , and results relative to the
development of best estimate logistic curves for the four ship funct ions . The data
of Table 9 are employed. It is assumed that automation varies between none (AL =

0) and complete (AL = 1).

A logistic curv e is defined by a function of the form:

1 + Aexp (
~~ t)

passing through two given points (0 , P0 ) ,  (t , P1). We have shown above that this
can be expressed as

p = 
1 

. Alternatively, A and h can be1 P0 ( 1— P 1 ) t- j
P0 P1(l-P0) 1

calculated :

A - —i- - 1 k - 

~ 
P1 1 - P0_

Po ‘ ~~ti 
~ P0 1— P i

and used in the original natural base formula.

If more than two data points are to be used , the procedure becomes more
difficult . The objectiv e is to calculate A and k based on the three data points for
each ship function , Table 9 , by a least squares fit . Pearl presented a method
w hich , in our case , yields two simultaneous equations . To imp lement the method ,
the general equation is first expressed as:

1
A aP = 

1 
, where a =

a + e

Let k = K + h , where K is an initial approximate value resulting from fitting the
curve through two convenient , given points , and h is a small correction to be de-
tertnined by the least squares procedure. Then:

a aP = -(K+h)t -Kt ~~~a + e a + e e
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For small h , e~~
tt can be approximated by the first two terms of the Maclaurin

series : e ht Z 1 -ht , giving a linear approximation for Iht  1(< 1 or It  << I~
.

a

a + e~~
(t(1_ht

— Once determined , any point ly ing on the curve satisfies the equation. Such a

curve is determined so as to “best fit ” the points in the least squares sense. Multi-
plying the lef t side by t-he denominator of the right side and transposing the a gives:

Pa + Pe~~ t
~~ P h~~

t
h a = 0

(P - 1)a - pte Kth + pe
Kt 

= 0

Call the left side r (residual). For a point on the curve , r = 0. The closer a point is
to the curv e, the smaller r is.

We wish to determine a and h such that ~ r2 is a minimum where the su mmat ion

is over all points, (t , P) .

~ r2 
= 4(P - l) a  - Pte Kt h + pe K t]2

For a minimum = 0 and = 0, giving tw o simultaneous equations in a

and h.

~~~~r 2 
= 2Z[~P-1)a 

- pte~~
t
h + pe

_ Kt 
( P l )~ ~.0

~Zr 2 
= 2Z~~P-1)a - pte

_Kt
h + Pe~~~

t (_ P te~~~
t
)]~~0

This yields:

a~~(P-1) 2 - H~~tP(P_ 1)e Kt 
= 

_~~P (P_ l)e Kt

_ aZtP (P_ 1)e Kt + hEt p e
_ 2Kt 

~ tp~e
_ 2Kt

These two simultaneous equations , when solved , give a new value of a and a value

- 
of h for calculating a better value of K.
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As an example, consider the messing automation data:

Year t P

1951 0 .038
1962 11 .100
1976 25 .219

Using the first and third points for the initial curve gives:

A =~i~-- ~ = . 038 
- 1 = 25 .316 and

1 P 1- P 0 1 . 219 l - . 038
k ~~~— 1n~~ -—~ 

~~~~~~~~~ 

= 
~~
ln —o-~

-
~~
. 

l- .219 
= .07840

= 

I + 25. 3l6e 0
~

84
~~~

195
~~ 

where y is the zero,

Actually, only the value of k is needed . The calculation is shown in tabular
form below :

Year t P (P - 1) 2 P(P - i)e Kt tP(P - 1)2 Kt ~p
2 e

2Kt t 2 p2 e
21(t

195 1 0 .038 .9254 -.0365 0 0 0
1962 11 .100 .8100 -.0380 -.3180 .0 196 .2156
1976 2 5 . 219 . 6100 - . 0241 - .602 5 .0238  . 5950

= 2. 3454 - .0986 -1 .0205 . 0434 .8103

The “normal ’ equations are:

2. 3454a + 1. 0205h = 0. 0926

1. 0205a + 0. 8103h = 0. 0434

Solving simultaneously gives:

a = 0. 41448 h . 00 1361

A = ~!_ = 24. 13 k 1(4 h = . 07840 4 .00136 = .07976

The least squares equation ~~
= 

1 + 24. l3e~ 
07876 (y-l95l) 

for messrng.
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Note the smal l changes produced in A (4. 7%) and in 1(( 1. 7%) . For an h = . 001361
and t = 50 years, 1 - ht = 1 - . 068 is a good approximation for e~~t = e~ 

067 =

For I t i smaller than 50 it is even better. Therefore, the least squares fit is quite

- 
- accurate. If there is any doubt, the latest value of Kcan be used and the process

r epeat ed . In that case , the changes in A and in h would be found to be negligible.

The formulas for the other shipboard systems are:

= 
- I for sonar
1 + 18. 75e 

l37 7(y  = 1952)

1 + 11. 08e 
0785(y = 1945) 

for propulsion

= 
1 + 11. 58e ’ 0606(y = 1945) for ship control

Graphs of automation level for the various activities are shown in Figures 7

through 10, and the least squares points are tabulated in Table 9.

Automation levels in the year 2000 may now be projected by inspection of

Figures 7 through 10, or by calculation. On the automation level scale ranging

from 0 to 1. 0, in the year 2000 the automation level of sonar is projected to be

0. 97; messing, 0. 68; ship control, 0. 72: and propulsion , 0. 88. (Of course, these

pr ojections are valid only in constant environments. If the level of funding available,
for example, ch anges significantl y fro m levels available during the 1945-1975 period ,
then the logistic curves describing the affected area will be modified . )

Stated alternativel y, a 90 percen t level of automation is expected on the basis
of the composite curves to be reached in each of the ship function: studied by the
year:

Messing 2019
Sonar 1990
P rop ulsion 200 4
B ridge 20 2 2
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CHAPTER IV

EX TEND ED AU TOMA TION LEVEL SIMUL A TION MODEL

This chapte r presents an overview conception of an extended automation level
model (EALM) for estimating the manning requirements for  fu ture  naval shi ps . The
EALM is structured in the form of a digital computer simulation model , and a part
of its logic is based on .extrapolation along a logistic (Pearl) curve. The logic is
also based , in part, on a job complexity construct. Thi s co n st r uct is disc us sed and
elaborated in Chapter V.

To accompli sh th e p redic tion , a ship is assumed to be organizable into pre-
dete rmined functions , 1SF (such as those shown in Table 2) ,  plus fu ture  funct ions to
provide for growth.

Inp ut Data

The EALM accept s a variety of input data describing such run request param-
eters such as:

• the ship type and its mission
• the range of c rew sizes to be simulated and the assumed

crew proficie ncy
• criticality and complexit y of ship func t io ns
• reliability data for equipments performing the ship funct io n
• up to 3 manpower allocation schemes
• alternative schemes for extrapolating automation and com-

plexity levels
• output recording detail options

A more detailed list of requi red input data is shown in Table 9.

P r o c e s s i n g

The processing is organized for calculation on up to seven, five year time in-
tervals, i. e.,  through the year 2010 . Dat a ext rapolat ion t ech niq ues are desig ned to
reflect the year 1975 as the baseline .

The EALM is basically a Monte Carlo model in which stochasticallv deter-
mined elements are utilized for representative values of the important  variables cal-
culated. Crew sizes of up to 1000 men can be accommodated . A global f low char t
of the BALM is presented as Figure 11.
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T a b l e  10

EAL M Run ~put Reque lnforinat~on

No. of D e fault VJIuos
V ol ue s V a lue -.i .io N em-, His . Max .

I. lDF’4TIF !CAT I~~1
Run idc- t l f lcatio n I ‘ 72 ,SLOIA I~)N1O —— ——
Shi p l~~ ,t If Icat l0n I ‘ 40 ALP I4A $10 —— ——

ty pe of shIp I XX IS I tO
~7j s ion ident i fic a tion I • 40 ALPHA 7.110 —— — .

TYN of missIon 1 • X 11.1 1 10
Sh i p  fu rc t iO fl s id ent l f l c all oo 14 • 8 ALPHA $110 —— ——
Sh I p fu cl lOfl number 74 * XX I SP  14 —

II. CREW DATA

~iIni,nur- crew per time per Iod 8 XXXX - M I N C ( l T )  25 ‘000
~-a,d mur’ crew per lime perIod 8 • XXXX MAXC( IT ) 25 7 000
Cr.-. size in cr smen t (Men ) I 1 XX DELTA I 99
Prof lci ~ i~cy (O’avg.; ±fr ± I 4x8 0 X.XX PROF(lP ,IT) —5 +5

si~~ a)

i l l .  tAS IC PRSAMETERS
ShI ll a .ration lhrs .) I 4 XX ISO 7 72
Cl uIrt er ~f fir s t time perIod I I X III I 8

wr~~er ~t tin,. p er iods  to 8 X N IP 1 8

iiun:er f Iterat Ions 1 10 XXX 
- 

I T ER 1 200
C ~1anpo~er al locat ion schene 1 2 X IMAS 2

(1_ urorele 2—Critic a lit y
3—C~ it i c ~ l l t y Stare)

Del-put ecording option s 3 1 X ORO (1-3) 0 7

I ;. SHOP FL~.CTIO9 DATA
Auto mation l eve ls  (use i f  AL 8x1 4 X .XX AL ( I SF . IT )  0 4

use cod e=2)
C- ’~~l I y  Manual
I—E ight AutomatIon
2—!- ~~ erate Aut om ati o n
~~~~~ AutomatiOn
4—F~ i l y  Autolnated

AuDorraC~~~, leve l use code 14 1 X IA LUC (IS F) I
— - -r ap o late using best
e sT im ate growth curve

2-~~ e s pecif ied va lues of AL
C r I t i c a l i t y  by ship function 8x14 1 X.XX CR l T (lS F ~ lT) 0 I - -

and time
Complexity by ship function 8x14 1 X.XX CPLX (lSF~ lT ) 0 5

and time
Coerple ’ it y curve use code 14 1 X I CUC(ISF) 7 2

I—us e comple x ity values
s :ec i f i ed

2—i~~. of selected curve
i see Fl9 . 12 )

Ti me fcr AL lF ig. 721 curve 8xl4 • XX ITAL. I 99
sta r t

Time for - CPLX (FIg. 721 curve 8xl4 ‘ XX IT CPLX I 99
start

MTOF for a l l  equi pment I. 72 XXXXX MTB I(ISF ) 100 99999
eac, shi p function (7975)
(hojrs)

14TTR for equipment in each 12 0 XX .XX MTTRI 1SF) 0 72
sP~i 7 functIon (7975) (hours)

Applica ble profici en cy 1 4x4*8 2 X IA P R (IS F .lP ,iT) I 3
re l3tl o n sh lp
7— f u tur o proficiency requ lre4

I,creases wi th more personnel
2-53 change
3 fu tu re proficie ncy required

cecreeses
Aver age number of man-hours 74 for each • XXX. X Af.%I1I SF , IM , IS )  4 999

o5 work requIred ( 7 9 7 5 )  mi snlo n &
during a 4 hour shift by shIp type
Sh IT fu~c tie n for selected
*h lp typo & mission type

Curran t average pro ficiency 4x14 90 XXX .X C A P i l P ~ ISF) 0 ¶00

— by sh ip function for
each pro f ic iency type

Sigma ‘or curren t average - 4x7 4 70 XX X S i G l i P , ISF , l M , IS) 0 30
p rof Ic le nc y

7)0 d efa u l t  val us
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Future estimates of automation levels are made either by extrapolating 1975
data or by using specified input data. The logistic (Pearl) method is used for these
projections from which needed manpower levels are determined . This is referred
to as Fl (function 1) in Figure 11.

Values for complexity (see Chapter V) may be prov ided in one of two ways. An
individual complexity value for each ship function for each time period may be pr o-
vided as input , or the analyst may select one of the curve fo rms shown in Figure 12

- to be applicable for each ship function. (When selecting such a curve , the anal yst
also indicates scaling information.

The function referred to as F2 in Figure 11 is, in many ways, the key element
in the simulation. It is the relationship which shows the procedure for estimating fu-
ture manning levels on the basis of input and calculated data.

For any ship funct i on (1SF), and time period (IT), by definit ion of automation
level:

A ‘IT SF - 1 MH(IT)
‘ ,  )

where:

AL(IT) = automation level at t ime T
MH(IT) = manhours  requi red at time IT
MHN = manhours requi red for  no automation

Then:

\IH(IT)= ~\1A N~ [1 —AL (IT, ISF)I
and

MI JN = MH(IT)/[ I —AL (IT, 1SF)]

But:
MH ( I T= 1)  is the manhours  required for  automation level A L ( 4 - T = l ),
for IT= 1 corresponding to 1975.

MHN 
MH (I T=1 )

1— AL(IT= 1), ISF)

MH(IT)= 1 AL( 1T 1.1SF) 
[1_AL (IT. ISF)j

For example, if in 1975 (I T= 1) A L ( l ) =  0. 2 , MH ( 1) = 40 manhours, and auto matio n
level for the year 2000 is AL (S)  = 0. 6, then

MB ( S) = l.~~~ 2 (1- 0. 6) = 20 manhours.
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Figure 12. Sample types of curves representing pote~ntial complexity trends .
Similar types of curves can be input in five year increments  or
calculated (based on user request) by computer.
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Con sideri ng the effec t of complexity, we have the general condition that MH (I T )
should be proportional to complexity, CPLX(IT , 1SF). With 1975 as a base year ,
CPLX(IT= I , ISF)= 1, or complexity in 1975 is defined to be uni ty .  CPLX(IT , 1SF) < 1
i mplies reduced mats hours and CPLX(IT , 1SF)> 1 imp lies increased man hour s . Thus
f or each ship function:

MH(IT , ISH) = 
(i ~~~~ ~SF)) (~ -AL(IT , ISF) (CPLX(IT. 1SF))

A more general form is useful when calculating manhours  using some pr ior
year as a base. Here , let t 1 be an ea rly time period and let t 2 be some late r period.
Mt represents manhours (or numbers of men )  at the earl ier  time , C is complexity,
and the form is:

M t 2 
= 

(l~~
t
Lt )(1~

AL t2)f(~~~~
)

The form of f(Ct2 /C t 1 ) is di scussed in Chapte r V. An adjustment  for shift length (I SD)
is made by appendi ng another factor- -24u SD.

In th e assign program module , three manpower allocation schemes are included .
The selection is made by the analyst as input. The problem is one of allocation of a
total number of manhours  available in some fu tu re  t ime period to all ship funct ions.
If the number  of man hours required to man each ship f unct ion in the specified f u t u r e
year and a crit icality value for each ship funct ion are known , the f i r s t  approach is to
alloc ate pro rata on the number of man hours  requi red. The approach is used when
criticalit y values are equal or if no c riticality values are provided as input.

The second scheme accomplishes allocation on the basis of c r i t i c a l i ty  of ship
functio n s:

A. ‘vlore man hours requi red  than available

1. Assign 50 percent of all man hours required to the i r  respective
ship funct ions , ro u nded to n earest  ma n.

2 . As sign remaining men in o rder  of ship funct ion  cr i t ica l i ty .  As-
sign all required men for highest  cr i t ical  shi p f un c t i o n , ne x t
hi ghest , etc. , unt i l  all are assigned.
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B. More man hours available than required

1. Assign all man hours required , rounded to nearest man .
2. Assign the excess man hours on a pro rata basis

C. Cri ticality share

a. More man hours required than available

1. Assign 50 percent as in Al .
2. Assign remaining men on a pro rata basis , dependi ng

on the ratio criticality value for each ship function has
to the to tal of all cr i t ica l i ty values .

b. More man hours available than required

1. Like Bi and 2 above.

Two other functional relationships referred to in Figure 11 result in numeri-
cal quantification of how well and how thoroughl y the simulated crew performs.  If
too many or too few men are assigned to the ship funct ions (via model input param-
eters) , the predicted values of “how well ” and “how thoroughly ” would be expected
to be lower than at some optimal value or range. Similar eff ects can be sought in -
di vidually or inte ractively based on the values given other input  values These func-
tions remain to be selected.

The following features are intentionally not con sidered by the EALM:

personnel crosstrairi in g
ranks and rates of personnel
consu mable supplie s levels
ships locati on , dis tance traversed
c rew mora le, safety, fati gue , sea stat e

O u t p u t  D a t a

Output results from the EALM would be available in the form of computer
pr in tout  tabulations showing detail as well as summary information . These would
be organized by five year period , by simulated iteration , and/ or  by c rew size to
show nume rical results including but not limited to:

manpower requirements
man hours - required and assigned
how well and how tho roughly the c rew performs
ship performance
fu ture  automation levels and complexities of ship functions
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CH AP TER V

JOB COMPLEXITY

Chapter IV prese nted a prel iminary overview of a stochastic simulation model
for estimating the required manning of futu re ships. The required mann ing  was -

dra wn from the equation of the form:

MHF = (-~
_

~~~~~~~ 
‘

~ (i 
- A L F~ (F(Complexity)

1975 / \

where:

MHF = man hours required at some future dat e
MHN = man hours required to operate the subsystem

of concern at the present
AL 1975 = automation level of subsystem in 1975
ALF = automation level of subsystem of concern at a

fut ure date about which manning i n fo rma t i on
is sought

F(Co mplexi ty ) =  some later defined funct ion of complexity of tasks
performed by persons mannin g the station of con-
cern at the fu ture  date of concern

In this equation , the automation level at present and that which can be anti-
cipated at some fu ture  da te can be extrapolated f rom the Pearl curve or f rom func-  - ‘

tio ns such as those presented in Figures 7 to 10. Cur ren t  man hour requirements  are
available in Nav y records. However , complexit y re mains to be defined , and a method
for quan tifying it remains open. The present chapter presents  the methods and results
of an attempt to define job complexity. A reasonable result in this regard would pro-

vide the requir ed s t ructure  for the comp lexity factor in the fut ure man hour s equation .
To this end , the methods of multidimensional scaling were used.

M u t t  i d i m e n s i o n a l  S e a l i n g

Multidi mensional scaling analy sis is a comparativel y recent techniq ue for de-
f in in g or s t ruc tu r ing  an unordered universe . Originall y developed by Richardson ( 1938),
this expansion of basic psychoph ysical scaling has recentl y been studied and extended
in some detai l  by several of Gul l iksen ’s studen ts and several others.  Gulliksen ( 1961 )
summed up his feelings about the value of the methods involved by say ing that multi-

— dimensional scaling:
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is a rather powerful technique for investigating a
wide array of situations. The basic experimental ques-
tion is a very simple one . Despite a superficial appear-
ance of difficulty and unreasonableness , one can get con-
sistent answers and can come up with rather interesting
con clusions--some of which verify the results of unidi-
mensional scaling and others of which go beyond. (p.17)

The two central problems addressed by multidimensional scaling anal ysis are
the determination of: ( I )  the minimum dimensional i ty of a given set of stimuli and (2)
the scale value of each stimulu s on each of the di mensi on s. The specific expe r imen-
tal and computational procedures used have been described in detail by Torgerson
(1952 , 1958), rvlessick ( l956a , 1956b) , and others.

I n the presen t case, the problem becomes that of defining the dimen sionali ty
of a set of stimuli which describe opera tor /mainta iner  job comp lexity and the value
of the stimuli on each dimension .

As Gulliksen has pointed out, the ba sic j ud gment upon which the whole struc-
t ure of multidimensional scaling analysis rests is very simple . In order  to obtain
estimates of the “psychological distances ” among the various stimuli in a set , most
experi menters have asked the subjects (judges ) merely to indicate in some manner
the degree of overall similarity between each stimulus pair. The methods for obtain-
ing and scaling these distance judgments are generally analogous to the classical psy-
chophysical scaling techniques.

Th ere are two basic methods for obtaining the dimension al i ty of the judgments
- -metric and nonmetric.  The metric approach assumes that the obtained scale values
can be taken as measures of the interstimulus distances in a Euclidean space. The
analytical problem then involves dete rmination of the number of axes in that space and
the proj ections of the stimuli on these axes. In these final stages multidimensional
scaling analysis uses factor analytic methods. As in factor anal y sis, for  example ,
the pattern of scale values (loadings) of the stimuli (tests) on each dimension ( factor )
presumably enables one to attach meaning to , an d so to na me, the dimensions. This -

appro ach was adopted for  the present  work.

The nonmetric approach avoids the Euclidian distance assumption but seems to
involve interpretive difficulty when a number of factors are involved . The nonmetric
approach has been largely de scribed by Kruskal  (in press) .

There are a number of technical problems involved in both metric and non-
metric multidimensional scaling, such as the choice of method for obtaining the in ter-
stimulus distance estimates , the choice of spatial model to represent the distances,
the determination of the constant required to set the distance estimates on a ratio
scale (Messick & Abelson , 1956), and the decision as to whethe r a t ransformat ion  of
the basic data is required (Helm , Messick , & Tucke r , 1961; Kruska l . in press) .  Basic-
ally, however , both the metric and the nonmetric  approaches to mul t id imensional
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scaling involve the steps of: ( 1) obtaining a matrix of tr ite rst imulus distances , and

(2 ) dete rmining the dimeri siona li ty of the space conta i n ing  the s t imulus  points .

The metric techniques have been app lied to a wide variety of problems. The

earl y wo rk on colors by Richardson (1938) and on relation s be tween nations by Kling-
ber g (1941) have been followed mo re rece ’ftlv by app lic ations to such areas as at t i tudes
(Messick , 1954 , 1956 a; Abelson , 1954) , personality (Jackson , Messick~ ‘~ Solley,

,.l9 57) , jobs (Reeb , 1959) , and facial expressions (Abelson , 1962 ), amo ng others , in

addition to fur~ her  wo rk in colo r (Torge rson , 1951 , Me ss ick , 1956c) . The A pp lied
Psychologic al Se rvices has previousl y demonstrated the app licability of the multidim-
sion al scaling techn ique for  a number of purposes. Schultz and Siegel ( 1962 )  de mon-
s t ra ted the applicability of the techniq ue for  avionics technicians , and this  s tudy w as
cross valid ated by Siegel and Schultz ( 1963) . Smi th and Siegel ( 1967) employed the
technique for t ra in ing  program development and t ra in ing  evaluative purposes in the
civil def ense admin is t ra t ive  context .  Siegel and Federmari  ( 1970 )  extended the app l i-  

-

ca tion for  evaluating Fleet pe r fo rmance  prof ic iency  and Siegel , Sch ultz , and Lari ter-
man ( 1964)  demons t ra ted  the feasibi l i ty of de\/e loping Gut tma r s  scales of performance
on the basis of the  factors  ex t rac ted  f rom a mul t id imens iona l  scaling anal ysis.

In areas w h e r e  the variables are comp lex and the di mensions unknown or
doubt fu l , it seems par t icular l y appropriate to delineate the variables through mul t i -
d imensio nal scaling anal ysis rather  than to establish the dimensions arb i t rar i l y. The
research  in a reas  of fai r l y  well established dimensionali ty,  part icularl y color , has
been cited as evidence of the validity of the methods. Messick, in pa rt icular , afte r

cr~m p le t i n g  some of th is  work , co n cluded that ~? since mult idimensional  scaling pro-
cedures  y ielded s t ruc ture s  which correla ted hi ghly with the revised Munsell  syste m,
i t  would now seem reasonable to apply these procedures  for  purposes of exploration
and d i s r o v e r v  in a reas  of unknown d imensional i ty” (1956c , p. 374) .

,-\ cording ly, it  c an be contended that the technique has been demonstrated to
be app licable in a va r i e ty  of contexts and that it allows the development of a single ,
u n i f y i n g  core for descr ibing arid d e f i n in g  an u n s t r u c t u r e d  complex.

~ t i m u I u ’ . U e v e l o p a e n t

The object of the mul t id im ens iona l  scaling a n a ly s i s  was to i d e n t i f y  a set of

• orthogon al dimensions which could form the basis fo r ’ d e f i n ing  .iob comp l e x i t y . To
this end , a comprehensive list of task complexi ty  a t t r i b u t e s  was requ i red .  Th ree
Applied Psychological services ’ staff m e m b e r s  compiled j u t e p e u d e - i t  l i s t s  of deter-
minan t s  of task complex i ty -  The lists were  d ev i sed  wi th  the  goal of comp leteness , -

without evaluation of importance , ra ther’  than  select i  ‘t of impor t an t  va r i ab l e s  (which
would have required placin g value j u d g m e n t s  and , t h t i n , p r e d e f i n i n g  the var -t ab l e s ) .

$ The three lists were  merged and screened to e l i m i n a ~c r e d u - u l a n c v , although rio rea-

sonable desc r ipto r  was omi t t ed .  The I ’ e s r l l t i I~ 31 i l l - u s, shown in t able 11 . re pre -
sent the final list afte r r e w r i t i n g  fo r  fo r m  c o n s i s te I c \ .  This  fo rm involves s t a t ement
of the s t imulus  i t ems  as a need or a r e q u i i ’ e r n t - - i t  i- -~( - e p t  w l t c - the r e su l t ing  s tatement

w as awkward or c o n t r a r y  to contemporary usage.

$

$ 
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T a b l e  11

L i s t  of Task Comp l ex i ty A t t r i b u t e s

1. Requ i rement f o r  extended pe r iods  of t r a i n i n g .
2. Tend u ncy  toward w i d e  v a r i a b i l i t y  in  s p e c i f i c  t a sks  to be per formed .
3.  Adequacy  of c r i t e r i a  fo r  e v a l u a t i n g  job success or comp l e t ion .
4 .  Tendency toward large percentages of allotted work time actua l ly spent in job

re l ated a c t i v i t i e s .
5. Need for  f i n e  coord ina t ion  such as eye/hand c o o r d i n a t i o n .
r. Requirement for large amounts of informat i on to be committed to memory .
7. Requiremen t for rap id , d e f i n i t e , t i m e l y  d e c i s i o n s .
8. R e q u i r e m e n t  f o r  p r e c i s e  body or limb movements.
9. R e q u i r e m e n t  fo r  depth and comp l eteness of t r a i n i n g .

10. R e q u i r e m e n t  f o r  p l a n n i n g ,  p repara t i on fo r , and a n t i c i p a t i o n  of future events.
1 1 .  Need fo r  i n t e r p r e t i n g  work  procedures fo r  o thers  and  ass i g n i n g  s p e c i f i c  d u t i e s .
12. Need to process a large amount of information .
13. R e q u i r e m e n t  f o r  m a k i n g  f i n e  sensory d i s c r i m i n a t i o n s .
14. Need f o r  m e n t a l  m a n i p u l a t i on of data or f a c t s .
15. R e q u i r e m e n t  fo r  v i g i l a n c e / s u s t a i n e d  a t t e n t i o n .
16. Tendency toward  v a r i a b i I i t y  in  t a sk  sequence or l a rge  numbers  of log ica l b ranch

p o i n t s  w i t h i n  t a sks .
17. Need for  o r g a n i z i n g  and s c h e d u l i n g  work r e l a t i v e  to tota l requ i rements .
18. Need for  f l e x i b i l i t y  i n  r e ac t i ng  to u n u s u a l  s i t u a t i ons.
19. R e q u i r e m e n t  fo r  i n t e rac t i on w i t h  and dependence on other persons.
20. Need fo r  p h y s i c a l s t r eng th and e n d u r a n c e .
21. Invo l vement in many different , seldomly repeated tasks.
22. Tendency for the same aspect of task to be repeated many times.
23. Need to perform severa l tasks simultaneousl y.
24. Adequacy of t he  m a n / m a c h i n e  i n t e r f a c e  i n c l u d i n g  des i gn of d i s p l a y s  and c o n t r o l s ,

and workspace o r g a n i z a t i o n .
25. R e q u i r e m e n t  f o r  proj ect i on f rom known data  or inferring causes f rom kn wn e f fcc t~ .
26. Requirement for comparing pieces of information.
27. Requ i rement fo r  t e a c h i n g ,  i n s t r u c t i n g ,  or s h o w i n g  others.
28. Tendency toward rig idly fixed task comp l et i on times .
29. Invo l vement of a number of menta l s k i l l s  ( e .g . , numerica l a b i lity, verbal abi I II~;,

memory , et c . )
30. Requ i rement to endure physic a l extremes such as cold , fatigue , discomfor t , and

poor l i g h t i n g .
31. R e q u i r e m e n t  fo r  transfor ming data or langua qe f rom one fo rm to a n o t h e r .
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Sti m ulus Booklet Pr eparation

The multidi mensional scaling procedure requires  as basic data the “ similari ty ”
(distance) o each s t imulus  to every other stimulus. W ith  31 s t imuli , this i nvolves
46 5 [(31 x 30)/2 = 465 J s imilari ty values . To acquire the necessary dat a, the items
were  assembled in booklet form. In the initial preparation of pages within  each book-
let , a single item was randoml y selected fro m the pool of items. This item was used

— as the “stand a rd ” i t em to be compared w ith the othe r item s. Af te r  the st andard item
was selected , the remaining items were randoml y sequenced for compariso n wi th  the

- - j  st andard. The standard item was then removed from the group of items available for
selectio n. This means that the f i rs t  item randoml y selected was compared with 30
items, the n removed. A second “standard ” i tem was then randoml y selected , set in
f orm for comparison with the remaining 29 items , and the n removed from the item
pool. The third randoml y selected standa rd i t em was compared with 28 ite ms and so
on down to the 30 th ite m, whi ch was compared with one item.

In order  to have ex actl y 31 co mparisons on each page , the f i rs t  comparison
set (30 comparisons)  was presented on the page with the 30th item selected (1 com-
parison) .  The second comparison set (29 comparisons) was combined with the 29th
set (2 comparisons) and so on for  the 15 pages of co mparison set s. The shorter sec-
tion always followed the longe r section on a page.

Complete sets of pages were then assembled in random order  in booklet form
for the requi red similari ty ju dgments .  Each booklet contained 17 randoml y ordered
pages, 2 pages of ins t ruc t ions , and 15 pages of comparisons . The ins t ruc t ions  pro-
vided in this booklet are shown in Figure 13.

R a t e r s

Various members of the Human Factors Society who work  pri mari l y in the
Pennsy lvania area were contacted and requested to volunteer their  t ime to complete
the t ask at t r ibute  s imi lar i ty  comparison booklets. Those individuals who were will-
ing to donate their t ime were mailed a stimulus comparison booklet. A number  of
bookle t s was hand carr ied to human  fact or agencies such as the A r m y  Research  In-
s titute for  the Behavioral and Social Sciences. Although 25 booklets were  dissem-
in ated in this manner , some of the recipients fou n d t he i r  ow n schedule too b u sy to
co mplete the booklet in the time f rame which was imposed. Fourteen of the booklets
were returned and included in the data anal ysis. These booklet s were completed by
individual s represent ing the follow in g o rgan iza t ions:

Applied Psychological Services
U .  S. Army Research Insti tute for the Behavioral and Social Sciences
General Electric Company
Telecom Systems Inc .
Applied Digital Communicat ions
Naval A i r  Development Center
Edu cational Computer  Corpo ration
LaSalle College
Stan d a rd P ressed Steel
Burroughs  Corporat ion
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JOB VZMENS1ONALZTY

The purpose of the form is to compare different  job a t t r ibu tes .  On
each page of the booklet you w i l l  find one job a t t r ibute  in a box followed
by a list of other attributes . Your task is to:

1. Compare the s imilar i ty  of the f irst  a t t r ibute
in the list with  the one in the box.

2. Assi gn a value (from the scale on the right
side of the page) which indicates how similar
you believe the two job attributes to be. The
scal e ranges from 0 to 100. A value of 0 in-
dicates absolutely no s imi lar i ty  between the
attributes in the box and the listed job at-
tribute. A value of 100 indicates complete
similarity (identity) between the attribute
in the box and a listed attribute. Other
values indicate various degrees of similarity.
For example , the values between 1 and 59 in-
dicate different levels of little to moderate
simUarity and 60 to 99 signify different levels
of similarity, from high similarity to complete
similarity.

3. Enter the value you selected in the space pro-
vided to the right of the list. Your entry
should be in the column which contains the
value you selected.

4. Repeat this procedure with each job a t ti ibute  on
the list .

5. Continue compari ng each job at tr ibute with the
one in the box and writing in the appropriate
similarity comparison value until all job attri-
butes on the list have been compared with the
one in the box.

6. When you have finished with a set (list), go on
to the next list.

Figure 13. Instructions for similarity comparisons

64

. . .  
~~~~ —_ _‘~~—————,-~~



You w i  1 not iL ~C 1 l i n t  som e pages have more then one I i  st and ~-ncli
I st w.i i i  hav e  a cli ffoi’en t nu ij ibe r  of a t t r i b u t e s .  Each job att n but c in

a l i s t  i s  to  he compa red i l i l t  t h e  boxed at  t r i h at  c t h a t  ap pe a rS  at. the 1 u p
of t h e  l i s t .  S t a r t  comp au - I sons at t h e  beg i n n i n g  of t h e  l)oolc l Ct and  l I  i - l ~
st r~u I ght through tint i i  you arc f i n  i s h e d  . Tb ei’c a i-c no r I gu i: Or i-; ru ng
an st-: u s. The appropriate answer represents your j iu - l gni e ii t of how si  ~u I a r
you t l i i  uk t he  j ob a t t r i b u t e s  are to cac lu o the r .  Don ’ t hes i t  at c to use
very h i gh or very low s i m i l a r i t y  v a l u e s  i f  t h e y  r e f l e c t  y our  op i n i o n  of
s i i i i i l a r i t y .  -

EX AM P L E

a
-I_i 4-i 4- ’ 4-10 - i  a - -i ~1 0 - ’-,I_I 4_i t4

m e  ~ 41 C C

4J~~ -j C - -i C - -i ~~~~14
~~~ ~~~~ ‘0 11 t h E  E E I ~

_ _ _ _  _ _ _  

o- i q 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

E x c h a n g i n g  i d e~~ _____

r a k i n g  I n s t r u c l i o n s  
_____

The f i r s t  v a l u e  (7) i n d i c a t e s  tha t  the  person making the s i m i l a r i t y
compari sons thought  ‘ ‘Supervising others ’’ an d ‘ ‘Lxchang i ng idea s” to ha ’.e
ha rd ly  any s i m i l a r i t y ,  lie wrote  i n  7 to i n d i c a t e  t h i s .  However , he t h o u g h t
“Taking Ins t  ruc t ions ” and “ S u p e r v i s i n g  others ’’ to he hi g h l y  si  c i i  a n, I l L ’ cot (-r-
ed a v a l u e  of’ 63 for th is  comparison . You may or may not agree  w i t h  t h o se
j u d g m e n t s .  When ~OU ituake your j udgmen t s  you can en te r  any I inil ie-i-  ‘, u i  w I s h
from t h e  s ca l e .

When you have conupl Ct ccl t he  b ookl et , p lease  check back over e v e r Y  pa ~~-

to  make ce r t a in  tha t  you have p laced  a sca l e  v a lu e  a l o n g s i d e  each att rihu t e
l i s t e d .

L ~~~~~~

Figure 13. Instruct ions for  similar i ty  comparisons (cont.
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Data Treatment

The mean similarity of each stimulus relative to each other stimulus was de-
terrnined . This yielded a 31 x 31 raw similarity matrix. In accordance with the
method of Stone et al. ( 1970) , the columns were inte rcorrelated , and the r esultant ma-
trix was factor analyzed by the principal components method with orthogonal rotation
of the factor matrix in accordance with the varimax cri terion (Dixon , 1973 BMD-03M ,
Revised 9- 1-65). Commonalities were estimated at 1. 00 and set in the main diagonal .

A five factor solution seemed most interpretable and to possess the most utility
relative to the—goal on hand--defi rñ rig -complexity terms for inclusion in the manning
equation . This solution accounted for  73 percent of the predictable variance . The ob-
tained eigertvalue and cumulative proportion of variance by facto r are presented in Ta-
ble 12.

T a b l e 12

Obtained E i g e n v a ’ ue and Cumu l a t i v e  Proport i on of V a r i a n c e  by Factor

Factor
1 I l  I l l  I V  V

E i g e n v a l u e  11 .93 3.84 2.88 2 . 13  1 .98

C u m u l a t i v e  Proportion .38 .5 1 .60 .67 .73
of V a r i a n c e

Factor 1W - In f o r m a t i o n  Processing

Factor 1 accounted for 38 percent of the variance. The st imul u s items loading
heaviest on this factor are presented in Table 13, along with their respective loadings.

T a b l e  13

I tems w i t h  H i g h e s t  L o a d i n g  on Factor I — — I n f o r m a t i o n  P rocess ing

L o a d i n g  I t em No . tern

— .87 26 Requ i r emen t  for  compar ing  p ieces  of i n f o r m a t i o n
- .86 31 Re qu i rement  fo r  t r a n s f o r m i n g  data or language  f rom one form

to another
— .82 14 Need fo r  mental manipulation of data or facts
— .80 29 Invo l vement of a number  of m e n t a l  s k i l l s  ( e . g . ,  n u m e r i c a l

ability, verba l a b ility , memory , etc.)
— .76 12 Need ±o process a large amount of i n f o r m a t i o n
— .71 6 Requ i rement for large amounts of information to be committed

to memory

e
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The items in Table 13 are all oriented toward s the manipulation of info rmation
through such cognitive processes as comparison or transformation. Accordingly, the
factor was named Info rmation Processing. We note that this is quite a st rong factor
(Table 12) .

Factor L I _ _ P s y c h o m o t o r  Coord ination

The second factor accounted for 13 percent of the variance (.51 cumulative
proportion of variance) . This faéto r seems moderately strong and was cha r acterized
by items which seemed to deal with fine or gross manipulation. The stimulus items
loading heaviest on this factor a re pre sen ted in Table 14, along with the i r  respec t ive
loadi ngs. In view of the manipulative emphasis of all but the f i rs t  item in Table 14,
the factor was named Psychomotor Coordination .

T a b l e  14

I tems with Highest Loading on Factor Il——Psychomotor Coordination

Loadin g Item No. Item

.79 24 Adequacy of the man—machine interface inc luding design of dis-
plays and controls , and workspace organizat i on

.78 13 Requireme nt for making fine sensory discriminat i ons

.73 5 Need for fine coordination such as eye/hand coordinatio n

.57 8 Requirement for precise body or l imb movement

Factor I l l - - F l e x i b i l i t y / A d a p t a b i l i t y

The third emergent factor , which was about as strong as the second , was
named Flexibility/Adaptability. This factor accounted for 9 percent of t he var ian ce
(. 60 cumulative propo rtion) . The task complexity stimulus items contributing most
to this factor are shown in Table 15.

T a b l e  15

Items with Highest Loading on Factor Il l — — F l exibility/Adaptability

Loading Item No. Ite m

— .89 21 Invo l vement in many different , seldomly repeated tasks
— .87 2 Tendency toward wide variabilit y in specific tasks to be performed
— .77 1 6 Tendency toward variability i n tas k sequenc e or la rge  n umbe rs

of log ica l branch points within tasks
-.68 10 Requirement for planning, preparation for , and antici pat i on of

— fu tu re  events
— .67 18 Need for fl e x i b i l i t y  in reacting to unusua l situations
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The set of items shown in Table 15 appears homogeneous in content and seems
to involve tasks which require the crewman to act rationally in a variety of unusual
and normal situations. The factor was named to reflect this content.

Fa ctor fl - - Product and Process Structure

Factor IV seems to reflect duty situations which seem almost bipolar with
Facto r III. While Factor III seemed to reflect pe rformance in novel situations , Fac-
tor IV seemed to subsume highly structured work situations- -such as those which
might be found in a highly automated factory or on a production line . Factor IV was
characterized by “rigidly fixed completion times, t I  ‘ tendency for same task aspect to
be repeated many times, “ and duties which need to be organized and scheduled . While
it is possible that duties which involve Factor III would also involve Factor IV . this
situation does not seem highly prob able. Fac tor IV, which seems to involve tasks —

which are highly structured and routinized or the production of a very standard output ,
was named Product and Process Structure. Items loading heavily on Factor IV are
presented in Table 16. Factor IV accounted for 7 percent of the predictable variance
(67 percent cumulative ).

T a b l e  16

Items with Highest Loading on Factor IV——Product and Process Structure

Loading Item No. Item

— .85 28 Tendency toward ri g idly fixed task comp l et i on times
— .55 4 Tendency toward large percentages of allotted work time actually

spent in job related activities
— .50 17 Need for organiz ing and scheduling work relative to tota l re-

quirements
— .47 22 Tendency for the same aspect of task to be repeated many times

F a c t o r V - - P e r s o n n e l  M a n a g e m e n t  an d I n t e r a c t i o n

The final facto r, Factor V, seemed more mixed than the prior four  factors.
The principle thrust of the factor seemed to involv e the need to supervise and coordi-
nate with others relative to an integrated goal . The intuitive relationship of one item
loading heavily on this factor , “Req uirement for  depth and completion of t ra ining,
to this factor is not completely clear. It may be that the judges thought that tasks in-
volving such supervision and coordination require greater  training.  Alternativel y,
the judges may have experienced a cha nge of poin t of vie w relat ive to the ite m and may
have considered personnel management and supervision to require greater t raining on
the part of those performing the supervision and training.  Two other items loaded
fairl y heavily on this factor which also seem somewhat inconsistent with the att ributed
essence: “Adequacy of c r i ter ia  for evaluating job success or completion ” (Ite m 3)
and “Need for organizing and scheduling wo rk relative to total requirements ” (Item 17).
The explanation(s) given relative to the training oriented item may also be relevant in
these cases.
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Facto r V accounted for 6 percent of the total predictable variance to br ing the
t ot al fo r all five fa ctors to 73 percen t . The it ems loadin g most heavily on this  facto r
are presented in Table 17.

Tab l e  17

I t e m s  w i t h  H i g h e s t  L o a d i n g s  on Factor V — — P e r s o n n e l  M a nagement  and Interaction

L o a d i n g  I tem No. 
- 

I tem

— .82 11 Need for  i n t e r p r e t i n g  work  procedures  fo r  others  and a s s i g n i n g
specific duties

— .81 19 Requ i rement for interaction with and dependence on other persons
— .80 27 Requ i rement for teaching, instructing, or showing others
— .64 9 Requ i rement for  depth and completeness of training
— .55 3 Adequacy r f  c r i t e r i a  for evaluating job success or cDmp let i on
— .54 17 Need for organizing and scheduling work relative to tota l require-

me n ts

Factor V was named Personnel Management and Interact ion to capture the es-
sence of the f i r s t  three heavily loaded i t ems as presented i n Table 17.

Il i s cus sion of Results of M u l t i d i m e n s i o n a l  Scaling A n a l y s i s

The mu lt idi mensional scalin g an alysis seems to have y ielded an in terpre table
set of factors which can be employed to define task complexity. The factors seem to
be re asonable and acceptable for providing the basis for elabo ration of the equation for
estimating manning requi rements. Four of the factors--Info rmation Processing, Psy-
chomotor Coordination , Flexibili ty/Adaptabi l i ty ,  and Personnel Mana gement and Inter-
action- -seem most concerned with variable input task situations . On the other hand ,
one fac tor - -Product  and Process Structure--seems concerned with fixed input situa-
t ions . Possibly, two fac tors - - f i xed input and variable input--would emerge from a
second order  factoring or one bipolar factor  might emerge from such factoring. Re-
ducing the five factors  to two in the equation for  predic t ing  manning represents an at-
t ractive possibility f ro m the computational simplification point of view. However , for
the present , i t seems more prope r to remain with the five factors  which were isolated
and to determine the ut i l i ty  of these factors for  the purposes on hand .
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CHAPTE R VI

HAND CALCULATIONAL METHOD FOR PREDICTION
OF MANNING R E Q U I R E ME N T S

Prior chapters hav e described the logic for  the growth funct ion and discussed
computer simulation models vis-a-vis the predict ion of manning requirements . It
was considered possible that appropriate extrapolation f rom growth curves would
p rovide a technique for such manning predictions. The availability of such a hand
calcul at ional t ech n ique wo uld possibly render a computer  simulation unnecessary.

This chapter attempts to br ing together the formulae , data , and a method for
establishing a hand calculational technique for extrapolating manning levels for  f u tu r e
ships. All predictions are accomplished using the best estimate growth curves from
Chap ter III as a vehicle for extrapolating automation levels by ship fun ct ions .  Acco rd-
ingly, the techniq ue is best characterized as a trend ext rapolative technique as dis-
cussed in Chapter I.

Within a t rend extrapolat ive technique , his torical data , upon w hich to base
manning level predict ions , are , of cou rse , requi r ed and are the f i r s t  topic described
relative to the calculations.

H i s t o r i c a l  Shi p M a n n i n g  D a t a

Lon gitudinal data concerning ship cont rol , propulsion , and sonar manning were
collected from two sources: ( 1) interviewees were asked the manning levels in the spe-
cifi c ship funct ion of their  experience , and (2) Navy publications were examined to de-

$ 
termine officially prescr ibed manning levels.

Ship system manning data were collected dur ing  the course of the in terviews
which provided the automation judgments desc ribed earl ier .  Each interviewee was
asked the number of personnel (off icer  and enlisted combined ) who were on watch on
the shi p he was describing dur ing  normal cruise and under  full alert condit ions.  The

‘ 
obtained manning estimates and the ship on which they are based are presented in
Table 18. The d ata presented are for the normal cruise conditions.  Many i n t e r -

viewees indicated that alert manning levels were dependent on the character is t ics
of the part icular  alert condition and that it was , according ly, not possible to make
such a judgme nt .  Accordingl y, the alert condi tion judgments  were excluded f rom
fur the r  considerat ion in the present  work.

The d ata in Tabl€- 18 are presented by cl ass of des t roye r , order ed by  the year
i n which ships of that class were f i r s t  commissioned. The designations shown follow
the scheme of Jane ’s Fight ing Ships (Blackman , 1970 ) for ships commissioned up to
that ti me. Designati on of the DD963 as a member of its own class follows cur ren t
standard  pr act ice.

$
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Offici al manni ng specificat ion s, applicable to destroyers and submarines  com-
missioned dur ing the period of int e rest , were al so sought. Obtained manning docu-
ments fell in the categories: Standard Organization Books (SOBs) and Ship Manning
Doc uments (SMDs) .

Sta ndard Or gan ization Book s were available at the Nav y His torical Library,
W ashington . The SOBs consulted had been prepared dur ing  World War II ari d showed
required manning dur in g alert and cruise fc~ de stroyers of the 445 class and of the
69 2 and 710 classes . These doc umen t s  reflect approaches to manning  of the 1940s
for ships which were new at that time.

Ship Manning Documents were examined at the Office of the ( hief of Naval
Oper at ions , al so in Washington. These documents were rece - it lv  prepared.  They
re flect current  approaches to manning  specific ships which are now operat ional , re-
gardless of the age of the ship.

Data found in SOBs and SMDs are also presented in Table 18 in the “per docu-
mentation ” column in a manner consistent with the presenta t io n  of the interview data
in the same table. We note that the “actual ” manning as reporte d by the interviewees
and the documents d i f fe r considerably. These d i f ferences  are noted in the er ro r and
the percen tage error columns of Table 18.

Consider the erro r inherent  in the data for cruise  manning  levels from Table
18. This can be es timated by comparing the manning estimate from the in terv iews
against those indicated by the docu mentation. This e r r o r  and pe rcentage er ror  is
shown in Table 18 and is summarized as 28 . 9 percent for  propulsion , 41 . 6 percen t
for  sonar , and 39. 4 percent for bri d ge. Overall , this averages to 40. 2 percent cri-
ter i on error , which will be referred to later in comparing manning levels predicte d
f ro m calculat ion agains t “actu als ” fro m doc umentat ion.

J ob Comp l e x i t ~

As indicated earlier , it seems that some combination of’ an extrapolation of
automation level and of job complexity would p rovide a sound log ic for  extrapola ting
automation level. The results of the job complexity analyses of Chapter V are sum-
marized i n Table 19 itt te rms of th e percen tage va ri an ce which i s accounted fo r  by
each of the fi ve p r imary  factors . Since a total of 73 percent of the variance was ac-
counted for in this way, Table 19 shows the normalization of these into relative weights
which sum to unity. Accordingl y, each of the five fac tors is assigned its impo rtance
or wei ghting factor  in the calculation of manning levels on the basis of its con t r ibu t ion
to total variance.

Estimates of job complexity were then made relative to each facto r by the f i r st
- author of the present repo rt for each of the three ship f unct ions  and for  each year  f o r

which inte rview data were available . These esti ma tes , shown i n Table 20 , u sed the

year 1975 as a standard against which the complexit y in o ther  ye a r s  was est imated or

compared. Accordingly, the year 1975 was assigned a value of u n i t y .  Values greater
tha n u n i t y  indicate greater  estimated complexity.
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Form of the Mannin g Level Eq u a t i o n s

In the prio r work , and in Chapter V , the calculation of fu ture ma nhours  or
manning levels was of the form:

M -

M (1 AL ) F ( C)- 1
~~~

AL t t2

where  M is manning level , AL is automation level , t 1 is some earlier t ime , t2 is a
later point in time , and F( C) is a multiplicative fact or involving complexity. The
early research conjecture was to uti lize a simp le complexity factor of the fo rm

C
F(C) =

ti

w hich wou ld provid e for changes in manning as the ratio of the comp lexity of the two
given periods . After  the multidimensional scaling analysis , reported in Chapter V ,
was completed , it was realized that the decomposition of comp lexity into the fiv e fac-
tors identified was important. A comp lex ity fac tor seemed tenable of the f orm:

Wc 0. 52CF1 + 0. 18CFII + 0 . 12CFHI + 0. 1CFIV + 0 . O8CFV
— t2 — t2 t2 t2 t 2 t2
- 

WC 
- 0 . S2 CFI i- 0, 18CF II + 0 . 12CFI 1I + 0. 1CFIV -

~
- 0 . O8CFV —

t i ti t i t i t i t i

where WC is the sum of weig hted complexity factors shown and in which the coefficients
are the weights from Table 19 . It was also realized that several al ternate forms  should
also be considered , such as:

M r 11 C
M

~~ = ~~~~~~~~~~~~~~~~~~~~~~~~~

1(1- AL ) C
I t2 

+ 
t2

) Ct i t i
Mt2 

= M
~ 2

As a result , these and several other similar forms were  investigated as a basis
for calculating predicted manning levels . The resul ts  we re  compared against the
cruise manning levels shown in Table 18. The last fo rm ula given was si mple and
showed abou t as good results as any fo rmula on which calculations were made . The
results are shown in Table 21 . All possible combinations of tj  and t2 values were  used
correspondi ng to data available. r~ccordingly, three propu lsion , three sonar , and six
shi p control projectio ns are show n in Table 21 .
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— Table 19

Weighting of Complexi t y Factor a

p
Percentage

Factor of ,ar l ance Importance
Factor Name Acco inted For ~cil ht

ln f L1r mat ion ~8 52
p Processing

II Psychomotor 13 0.18
Coordination

III Flexibility! 9 0.12
Adaptability

p
I ;  Product and 7 0.10

Process Structure

Personnel F 0.08
Management &
Interaction

Table 20

Estimated Complexity Factor Values

r~roduct & Personnel .~eiqhted
S a i l - Informa l-ion Psychomotor F lexibi I it y/ Process M:r:-J-lemen t & Sum of

Fun it ion Year Processing Coordination Adaptability Structure Interaction Produ ts (C)
(CF 1 ) (CF2) (CF3) (CF4) (CF5)

Propulsion
1945 1.2 1.2 1.2 1 .3 1.3 1.22

1 . 1 1.1 1.1 1.2 1.2 1.12
1975 1 1 1 1 1 1.00

Ship Contro l
1 942 1.2 1 1 1 1.2 1.12
1945 1.3 1 1 1 1 • 3 1 . 18
1959 1.3 1 1 1 1.3 1.18
1975 1 1 1 1 1 1.00

1951 0.8 1 - .s 1.3 9.8 9.886
1962 0.9 1 U. ) 1.2

-: 1975 1 1 1 1 1 1.0

75

~~~lIiL ~~~~~~~~~~~~~~~~~ ~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ . ..- - --_- ,~ I L_,_ .III.. _~~ ,.___ ~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~



-- ‘T~~~~~~~
-m , -

~~~~~~~~
-. — 

~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ TT~~~~~~~ 
- -

1- -

0 N Cl N — CO ID 0) (N 0 0 )  N CD C’ (N
C,. . . . • . . . .

L N CO .— 0 0 0 0 (0 0 ‘~ Cl 0’ Cl CD CC)
U.) (N 0 N 0) N- N CI) ID r, ~ — 0 —

N C)
0 4 - 0  Z 10 10o 10 10

. _
~~~~ U) Cl LU

4 -0 0 10 10
(0 (0
,- U) ~~ Cr) CC) N Cl Cl Cl 0 000) (0 10
0 4 -
0 ( 0 U )
E E C
10 •— - —
O 4-- 0
0 (1C C-
O LU C)

10
0

~10c c
-1- 0
(0 (0 0 10 — (0 0 (N 0 N- IC) C N. 0 

10 -4— 0) (N .0 .— 0 10- 
~~

- ID Cl It) Cl
O 9

~~~~
0 (0 -—

— 00(0 C-
> 0
-2)

C 10- 0 CD 0’ 0 IC) 0 N- N- 10- Cl
C (N — 0’ N .— N N- 10 0’ Cl Cl CC) CC)
-- 4- 4- CD 0) 0’ — 0 0  0) CC) CD 00 0
C 0 0  • . .  . . .
C
(0

0 ) 0 ) 0 )  CC)
C) — — — — Cl N 0) 0) (N ( 0N
2) -4— N N  0 0 0

(N 4- 0 . . . .
(_) — .— .— — —

U) 
-~~

~0 3
(0 ~- N CD I D I D C 2

4— 0 4- ( (0 0)  Cl 0) 0) IX’
0 0 0 —  0)0)0’ 0 0 0— — —

0 — — —
C

.~ 4— ID 0) 0) ID ID ID N 0 (N N 0 (N
-4- LU a) — — 1 0 1 0  (N 0 Nj 0 0  N 0

N - C ’ 0’ 0 0 0)  0” 0’ 0) 0\ 0’ 0’
10 —
U
(U
0

(N
4- 00 0) ID — 1 0 —

_C o 10 a) Cl N Cl I-~
( 10 2) ’ 0 -‘ 0

1 0 C r -  C l C D C l  0 0

0)

t
— 0 -0 N N- N. .— .— Cl CC) 10 0) CC’ ID 10

(0
-4-

LI) CC) C’ LI) N 11Th IC) 10 CC) 0- 0 LI)
(N N- C’- 10 N- CD N- 0- N- 0- 1 0 1 0  Cl
-1- 0 0’ 0 0’ 0’ 0 0 0’ 0 0 0 (0

0 10 CI) — N (N If) (0 Cl LI) 0)
— ~‘ Cl Cl CC) 2)’ (0 10 Cl If’ ‘0 Cl Cl
4- 0 0 0’  0 0 0’  0 00  0 00

LU
0

1
0 4--
— z
(1) 0
LU 0
10 10

10 IL

a.

76

~ -



- - - 
~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~ ~~~‘~~‘W - _________ ~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~

p

Table 22 summarizes the average errors  of these estimates (percentage erro r
comp aring projection with documented manning levels) and also compares these pro-

p je ctions with the “e r ro r ” (d i f fe rence  be tween personnel levels as repo rted by inter-
viewees and as derived from documentat ion) of the available criteria.

Ta bl e 22

Error of Prediction Compared with Criterion Error

Percentage Error
Funct i on Calculated Criterion Error

Propulsion 23.2 28.9

p Sonar 58.8 41.6

Bridge 35.2 47.7

38.0 40.2

Table 22 suggests considerable e r ror  in the hand calculation project ions.
However , since the cri ter ion er ror is hi gh , it may be tha t t he hand ca lculat ional
method does about as well as can be anticipated under  the circumstances.  Two
p oin ts  of view can be taken. One point of view is that if one has no target , he has
li t t le change of hi t t ing it. The othe r is that with a broad target , there is little
chance of missing it. Quite obviously, a predictive method cannot be expected to
be more precise than the cr i ter ion it aims to predict.  Certainl y, the hand calcu-
lational method yield s results which are about as precise as the results which are
y ielded by going to various available sources.
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CHAPTER VII

SUMMARY AND DISCUSSION

S u m m a r y

— The presen t stu dy was conceived as an exploratory in vestigation into techno-
logical extrapolation relative to manning requirements for  advanced , post year  2000
ships. N o technique has heretofore been available for  achieving this goal.

Manning level was believed to be linked to the level of automation of ship func-

tions. Accordingly, a technique was sought which would allow projection of the auto-
matiori level of various ship functions through the time period under  consideration.
To this end , the technique ori ginally d eveloped by Pearl was exploited. The te ch-
nique has been found useful for  proje cting growth funct ions in a wide va r i e ty  of s i tua-  -

‘

tions and there was considerable reason to believe that it would possess meri t  for pro-
jecting the growth of automation in various Navy ship functions.

Growth curves were developed on the basis of estimates of experienced Nav y
per sonnel of the lev el of aut omat io n of a selec t ed set of ship f unctio ns at selected
points i n time. The growth curves , so derived , did not converge in all cases. While
lack of convergence may hav e been ant icip at ed , a simple growth funct ion was sought
whi ch would best represent the automation growth for  each ship funct ion involved. To
this end , a lea st squares best estimate technique was developed and employed to repre-
sent the automation g rowth of th e ship func t ions  involved . The automation levels pro-
j ected by the least square fit  seemed reasonable--but, who can tell ?

Si nce the ult imate goal of the work was to predict  manning level , t - ’- o  a l ternate
methods for such predictio n s were entertained:  (1) a digital simulation technique em-
ploy ing the growth curves as a part of its logic , and (2 )  a hand calculational technique
ba sed largely on dat a yielded by the growth curves .

The di gital simulation model was outlined in terms of its input , logic , and an-
ticipated output.

The hand calc ulational technique was full y develop ed and applied. Because it
was believed that manning level is both a funct ion of automation level and the comp lex-
ity of the tasks that people must perform in a system , a method for  def ining task corn- C 

-
~

plexity was sought . To this end , a multidimensional scaling analysis of task complex-
it y was completed , and fiv e complexi ty factors were  identified. These were employed ,
in conjunction with Pearl curve extrapolations , to calc ulate predicted manning lIlvels
at various points in time for  which two types of “act ual ” manning d a ta were av~di able.

The predict i ons did not appear to be highl y acceptable , but it was not possible
to say how unacceptable the predict ions were . This is because the predict ions agreed
with the c r i t er i a  about as well as the two available cr i ter ia  agreed with each other.
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D i s c u s s i o n

What then may be said about the present status of manning projection , at least
w ithin the bounds of the present  stud y?

The work pr oduced a wo rki ng hypothesis , and the logistic g rowth principal sti’l
seem s as sound , relative to automation growth , as any othe r working hypothesis with
w hich we are aware . It may be that a f i rmer  resuh would have obtained if ship func-
tions had been defined on a total ship basis rather than on a ship station basis, e. g . ,
all shipboard electrical work , all shipboard facili t ies maint ena nce, a ll ship board
electronic work , all stores loading, etc. However , deci sions must be made in the
day-to-day conduct of a program, and one can on ly say that he made the best decision
on the basis of the information available at the time.

The e r ror  in the hand calculational techniqu ’? may b’~ quite acceptable for some
pu rposes. Moreover , the accuracy obtained may be as much as one ca n expec t in view
of wide variation (as indicated by ~he cri terion data) in actual manning.

The computer simulation was never programmed. Accordingly, we cannot as-
sess its merit except conceptually. Some would say that such a technique represents
t he onl y way to perfo rm such projections. The anal yses reported in Chapter I (Table 1)
suppo rt contentions favoring the usefulness of such a technique in the present  instance .
Further development of such a model seems warranted .

The present set of studies seems to have cast some light on problems relative
to manning projections in the Navy and to have provided some progress and knowledge
relative to these problems. Technology will continue to advance , and the quest for  im-
proved methods for  predicting such trends will continue . Sound methods for projecting
manpower requirements will continue to represent a need for industry,  government ,
and the military.
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The Ship of the Future as Ext rapolated f rom Technological Advances
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This appendix presents an educated technical estimate of characteristics of
p ships fo r  the Navy  w h i c h  can be expected to go down the ways  about the y e ar  2000 .

The au thors  have been op t imi s t i c  in con s i d e r i n g  potent ia l  for  f u t u r e  advanc es  and
have assumed con t inued  t t n an c i a l  s u p p o r t  at present equivalent levels.

Advances in  t echn ology  may be expected to produce a u t o m a t i o n  level changes
- 

- such as those shown in F igures  7 t h rough  10. These advances  will  remove needs  fo r
p p e r f o r m i n g  many t a s k s - - pa r t i c u l ar ly  in the sy s tem main tenance , fac i li ti es main-

tenance , and messing f u n c t i o n s .  It t h e re f o r e  appears  l ikel y tha t  f u t u r e  naval sh ips
- 

— can be smaller  and more  lightl y manned  than  are ships of tod ay ’ s N a v y . Au tomated
data p rocess ing  advances  could , s imi la r ly, r emove much of the p r esen t  h u m a n  in -
f o r m a t i on  process ing.

As we move toward  the t w e n t y - f ir s t  c e n t u r y , m a j o r  advances  a r e  also e\-p c-cted
in the mate r ia l s  f rom w h i c h  ships  are cons t ruc ted , as well  as in the i n t e r r el a t ed  elec-
t ron ic , c o m m u n i c a t i o n s, and compute r areas .  These advances could allow , as well
as s t imula te, the r educ t ion  in ship si z e and comp lement coupled with an increase in
v e h i c u l a r  speed , defense  c a p a b i l i t y , and offensive  c a p a b i l i t y .

One fac to r  pr omot ing  the t r e n d  to ‘ low value ships ” is the p r o j e c t e d  availahil-
itv of inexpens ive  p r ec i s ion -gu ided  weapons which  \\ - i l l  vi r t u a l l y assure  that  ever~ shot
hi ts  its target , even at ex t r eme ly long range (Defense , l 9 7 7 a ) .

These and o ther  special  technological  advances w h i c h  have been an t ic ipa ted  to
occur  in va r ious  technological  areas du r ing  the balance of the t w e n t i e t h  c e n t u ry  are de-
scr ihed  in this  appendix .  They r e p r e s en t  a more thorough  answer  to the q u e s t io n :  wha t
are the reasons for  the substant ia l  inc rease in au tomat ion  levels as p r o j e c t e d ?

~J a t e r i a I ~

* C u r r e n t  ships are p r i m a r ’ i lv  c o n s t r u c t r - d  of s tee l , which  seems to possess at
least  three  advantages as a s t r u c t u r a l  m a t e r i a l:  (1 )  it is s t r o n g  and relat iv,i v H e x-
pensive (King-He le , 1970) , ( 2 )  it is r ead i l \  worked and welded , and (3)  it has d e f en -
sive armo r capabili t y. However , s t e el i s  he~ vv and co r rodes  r a p i d l y  in naval appli-

= : ca t ions . Subs t i tu t ion  of novel mate r ia l s  may reduce  m a in t e n au c e  and ~~r - i 0 h t  of f u t u r e
ships.  K in g - H e l e  foresaw steel as becoming “s t ronge r  and tougher ” th roug h a d d i t i o n
of new addi t ives  by the end of th is  c e n t u ry , and expect ed im p roved coat ings  to combat
cor ros ion  more  effect ivel y . Crowdon  et al. ( 1974 )  de sc r ibed  ca thodic  methods  w h i c h
are capable of dramatical ly  reducing  corrosion damage.

A s t r u c t u r a l  steel was r ecen t ly  adve r t i s ed  which r equ i res  no p r o t e c t i v e  coa t ing
p s ince its oxidat ion is self l imi t ing ,  i. e. , the  tough rus t  l ay e r  w h i c h  q u i c k ly  fo r -ms was

claimed to protect  the ba l ance  of the m at e r i a l  f r o m  further rusting. It s eem S  log ical
that  a s i m i l a r  steel migh t  be developed fo r  use in the  m a r in e  e n v i r on m e n t  i n the f u t u re.

I’ 
- 

-
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Substitu tion of novel materials may reduce maintenance and weight of fu ture
ships , yet s t ruc tural  s t rength could increase. Accor d ing  to King-Hele ( 1970) ,  bery l-
h u m an d t i taniu m may rep lace steel and aluminum in appl icat ions  where  s t rength  com-

bined with mi nimum weight is required.  While t he den s I t~. of a luminum is one- th i rd

that of steel, Preh oda ( 1967) pointed out that the densi ty of bery l l ium is two- th i rd s

that of alu minum , while i t is onl y one- th i rd  the weight of a luminum in t e rms  of s trength
-to-wei ght ratio. At prese n t, bery lli um is expe n sive , diff icult  to work , and its dust
is hig hly toxic. Prehoda stated that the f i r st  of these p roblems will be alleviated with
increasing use , and substantial  p rogress  has alread y seen made toward solving the

seco nd and third problems . Ti t ani um is alread y heavily utilized in a i rcraf t , as well

as i n consumer products , where  s tren gth and light wei ght are impo rtant . This holds
— despite t i tanium ’ s expense and the requiremen t that t i tanium welding must  be pe rform-

ed in an inert  environment .

Advances may also be expected in nonmetallic materials. Rose n ( 1970) de-
scribed a hone ycomb paper material which is alread y suitable for  construct ion of t ruck
trailer  bodies and mar ine  cargo containers .  This material , if emp loyed in ship con-

s t ruc t ion, would also y ield a considerable saving in weight.

Prehoda (1967)  ant icipated improved f iber  glass materials and improvement

in the s t reng th  of bulk glass as well . Prehoda also described the theoret ical l y avail-

able prope rties of ceramic mater ia ls, mater ials  which  combine ceramics  and metals,

and mixtures of normall y nonalloy ing metals. He stated that technological capabilities ,

especiall y in hi gh t empera tu re  app lications , will be advanced greatl y if suf f ic ient  re-
search funds  are made available in this area.

Composi te  mate r ia l s, in which f iber s  or whiskers  of boron or g raphi t e , are

embedded in a “ m a t r i x ” of plastic or metal , a re  now in commerc ia l  use. Prehoda

stated that  the r e in fo rcing  w h i s k e r s , due to the i r  per fec t l y pure  c ry s t a l l i ne  s t r u c t u r e ,

are up to 20 t imes  s t ronge r  than the same mater ia l  in its normal form.  He expected

composite  mater ia l s  to exhibi t  up to one- th i rd  of the s t rength of the ind iv idua l  whisk-

ers or nearly seven t imes the st re tgth of the normal  mater ial , and indicated that vet

to be developed “ . .  . high t e m p e r a t u r e  corrrpos ites will revolut ionize ear thbound , air-

borne , and space-or iented propuls ion systems.

L o m m u n l e a t i o n s

A massive increase in the volume of communicat ions  in the earls ’ t w e n t y - f i r s t
c en tu ry  seems enti re ly  tenable. Naval shi p co mmunicat ions  will c e r t a i n l y  par t i c ipa te
in thi s growth and subsequent c rowding of f requency bands , According to Pierce ( 1 9 6 7 1 ,

the advances which will shape fu tu re  communicat ions will  be the cheap b roadband r and  -

mission of i nf o r m a t i o n  and the availabili ty of low priced , hi ghly co m plex , r e l ra I ’ l~ ~o
m unication terminal  equipments .  Advances in microelec tronics  could hel p ‘ o au~~- - , - -

these developments.  Considerable activity is alread y u n d e r w a y  in ~h~- b ~ ~~pmi - - t

co mmunicat ion systems which operate at the higher  radio f requenc ies  (l-~ ade - 
-
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The higher frequencies possess greater capacity because bandwidth x time equals a
constant for transmission of a given message (Cherry, 1966) . It is this relationship
which lead s to the interest in laser communication .

However , atmospheric conditions may interfere heavily with high channel Ca-
pacity communication links . Microwaves longer than those in the extremely high fre-
quency band are absorbed by rain (Pierce , 1967), and later communications may only
be employed in a clear atmosphere which will not scatter the transmitting beam
(Pierce, 1968).

According to Pierce (1968), laser communications circuits will yield circuits
of “almost unlimited bandwidth ” when~ (1) modulators having the necessary bandwidth
are developed , (2) detectors are available for long wavelength laser transmissions,

$ and (3) sufficientl y accurate automatic aimers and re-aimers are developed.

Pierce ( 1968) foresaw a time when all frequencies will be c rowded with data ,
voice, and picture transmissions. Some burden may be relieved by transmitt ing in-
structions for computer reconstruction of a visual image rather than transmitting the
enti re image line by line in facsimile fashion (Pierce . 196 7 ), or by t ransmitting only
those picture units which have changed since the previous scan (Chynoweth, 1976). A
method for automatically analyzing speech into a code which may be ve ry efficientl y
transmitted and then resynthesized to speech has been available since the 1930s
(Cherry, 1966). These and other methods of information compression will certainl y
be required to prevent overloading of even the very high capability communicat ion
channels of the future (deCarlo , 1968) .

CoM pu ter s

• Major advances in computing technology can also be expected by the year 2000.
Chynoweth ( 1976) indicated advances in miniatur izat ion of solid state electronics. He
anticipated new production techniques to reduce the width of conducto r s t r ips  by a fac-
tor of ten. Bubble domain memory units of 500 , 000 bit capacity have already been
built which, including associated circuitry,  occupy “. . . a few cubic centimeters (and
represent) a considerable reduction in volume (and weight) f rom that required to
achieve the same capacity using magnetic drums or disks ” (Ch y now eth , 1976) .

Chynoweth projected similar reductions in the volume of memory units  em-
ploy ing charge, coupled devices. Zn addition to a tenfold reduction in volume, he pre-
dicted a hundredfold reduction in ope rating power . Similarly, Josephson junction de-
vices represent another possible method for pe rforming logic operations “close to
fundamental  lower limits in power requi rements ” (Chynoweth , 1976) . Power economy
is important both for  minimizing shipboard generating requirements and for relieving
system cooling problems.
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Toffler ( 1971) anticipated that in the twenty-first century, computers with the
power of a present-day IBM System 360 will fit in the palm of one ’s hand and will cost
the equivalent of present-day $100. This small size and cost will contribute toward
increasing computational speed and utilization on an expanded set of shipboard tasks.
King-Hele ( 1970) pointed out that the ultimate limit to computing speed (the speed at
which impulses t ravel within a computer) will limit computing speed to 1000 times
that of current machines. However, if a limit of computing speed is near , we should
expect programmers and computer designers to circumvent the problem through heav-
ier utilization of parallel processing. A variety of techniques are already being im-
plemented in multiprocessing, parallel processing, and distributed processing archi—
tectures. New executive computers could integrate the various outputs, much as the
executive routine does in current practice. Such a programming approach is highly
similar to the concept of “distributed intelligence1’ in which several independent com-
puters work on a given task (Vacroux , 1975).

Withington ( 1975) indicated that programming and debugging should be perform-
able in the 1980s at twice today ’s rate. Higher level languages may be used , and in-
teractive command languages should aid users in communicating with systems. Ad-
vances in structured programming techniques, interactive syntax, and automatic logic
checking may additionally streamline programming. [For example, the PROSE lan-
guage (Thames, 1975) a new programming language, allows automatic solution of cal-
culus problems. ]

Propu l sion

Ships of the early twenty-first century will probab ly possess various types of
power plants including nuclear, diesel , and gas turbine. Final drive will be gear or
electric, possibly utilizing superconductor technology in the latter case (Edelsack,
1975). Regardless of the specifics of the plant , uniform characteristics should in-
clude faster response to throttling, as well as shorter start-up time and a higher de-
gree of automation.

These quick response characteristics may prohibit manual control--a trend
evident in current destroyer turbines. Human monitors will be unable to detect and
respond to events associated with these plants in a .timely manner (Rasmussen, 1968).
Computer monitoring and control of air-fuel ratios, pressures, temperatures, speeds,
etc. , should be the rule- -as is already evident in modern turbine destroyers. Re-
sponsibilities of engineering personnel may generally be limited to conducting walk-
through inspections (since sensors cannot be located to detect every possible leak,
check the condition of eve ry filter, etc. ), and standing watch at status panels--as is
also the current practice in advanced destroyers.

Engineering personnel will probably be trained in casuality control procedure s
so as to be able to maintain power and control under all possible conditions, using
manual overrides, if necessary.
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According to C rowder et al. ( 1974), future ship hulls will be unlike the tradi-
tional full-displacement destroyer-type hull. Crowder contended that reduction of
wetted area and decoupling from the sea surface will allow increased speed , increas-
ed speed in sea state, and increases range. Air cushion vehicles, various types of
planning hulls, hydrofoils , and hybrid fo rm s, each with their pa rticular advantages
and liabilities, may become the dominant hull form of combatant ships.

Sensors

Monitoring a broad spectrum of electromagnetic as well as acoustic energy
should be an important part of the mission of every year 2000 combatant ship. Marshall
(1974) foresaw the capability for Pentagon officials to oversee immediately opera-
tions at any point on the globe, using high capacity, secure, audio, video, and data
links. Through a modest extension of this capability, sensor data from all ships
could be relayed to central shore-based computers where events could be monitored
on a global scale.

RPVs may be heavily utilized in such monito ring. As Crowder et al. ( 1974)
pointed out , an RPV using radar or active sonar will not divulge the location of its
mother ship. Also, some sensors, such as sonar , cannot function from a ship mov-
ing at high speed. Accordingly, in the twenty-first century, RPVs may remain in
operation throughout entire ship missions. The RPVs may operate from the sea sur-
face, as well as while airborne. Dat a may be relayed to the ship by radio or, for
added security due to its line-of-sight characteristics, by laser. RPVs at altitude
could monitor radio transmissions. RPV mounted radar may similarly have an en-
hanced range.

Processing targets could be largely automatic. Classification con-
tacts may be done automatically or in a computer-aided fashion employ. ipari - -

son of target signatures with a lib rary of known target signatures, as sug~, .,~ed by
the current  AN/BQQ-5 system. The frequency with which full shipboard classifica-
tion procedures will be required may, howeve r, become very low if through high
capacity communication channels, shore-based computers receive information rela-
tive to every target detected , by any ship, worldwide, and relay this information to
ships as appropriate.

Detection of targets through IR sensors may become c ritical. Missiles and
RPVs will be small, designed to produce the minimum possible radar echo, and cov-
ered by microwave absorbing materials as is the current practice. Electrical coun-
ter measures against radar may be greatly advanced , but masking or disguising of
the heat of an RPV engine or of a fast-moving missile may be very difficult. Thus ,

• 
* III scanners may be the most effective detectors of certain types of traffic. The ad-

vantage to searching for JR energy from behind approaching vehicles makes the use
of remote IR detectors especially important.
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Following current human factors emphasis, system operators will probably be
responsible for deploying RPVs when needed. Again, following current  practice, it
may be expected , however, that computer prompting will be used to remind operators
to recall a sonobuoy which is being left behind , to optimize placements relative to
temperature gradients, sea states, etc. Automatic alarms may be installed which
will be activated if any RPV is closely approached by another vehicle.

RPVs may be heavily used for reconnaissance. Reconnaissance RPVs are
now operational , and new ones are under development. Data collected via visible
light, JR . laser scanning, etc. , might be recorded digitally in the year 2000 and re-
layed to the ship in real time or in blocks for presentation on CRTs.

Human monitoring of passive sonar displays may still be required since tar-
• gets should still be sought at the 50 percent detection level (Fridge , 1976). However,
• investigation of possible targets through the use of RPV5 should greatly ease the task

of the display monitor.

Selection of D/E angles, pulse parameters, integration times, etc. , will p rob-
ably be computer aided. Sonar systems configuration may be partially automated,
and the availability of a compute r recommendation should lessen the chance of choos-
ing an inappropriate configuration.

Personnel may be required for monitoring IR detection displays, as well. The
IR operator will probably make adjustments to settings analogous to those of the pas-
sive sonar operato r and may receive computer prompting similar to that of the sonar-
man.

All sonar , MAD, JR . and radar data should be correlated by computer . A
single, integrated display, an extension of that foreseen by Fulton (1974), will prob-
ably be on hand to present all information relevant to targets above, on , or below the
surface. This single, integrated display will be further detailed in the discussion of
the Combat Information Center.

Due to the volume of info rmation expected to be available from central com-
• puters, classification tasks will p robably be decision aided. After a target is once

identified, its track may be projected at shore -based computers, and any ship will
be notified of the target’s approach to its detection area. Upon detection, the target
could be automatically identified with a centrally assigned tag which might be the
same as long as the target is under surveillance.

We a p on S

Weapons of the year 2000 should be effective at longer range, highly automatic,
and of novel design by today’s standard. It does not seem unreasonable to anticipate
an extension of the current capability to delive r weapons by RPV .
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Flight of military aircraft such as the B-47 by remote control is a nearly rou-
tine practice (Finegan , 1977). Takeoffs , missions, and highly accurate landings are
perfo rmed by controllers on the ground or in adjacent airc raft . One may project
remote piloted aircraft , suitably equipped with television cameras, etc. , which may
perfo rm missions in the year 2000 , which currently require manned aircraft. RPVs
may be dispatched to intercept vehicles, transmit optical pictures of the target to a
base, and escort the vehicle away or destroy it. Even current RPVs can maneuver
with the intensity of today ’s small missiles, which generate G forces not tolerable
by humans. They do not require the heavy and costly life support systems, armor,
or ECM equipment which manned aircraft need for protection of the pilot.

Weapons may include ballistic and cruise missiles. Both automatically guided ,
• high powered lasers (Defense , 1975) . and programmable homing torpedoes, including

$ ASROC types.

It seems that there will be little need for traditional guns or unguided missiles
in the Navy of of the twenty-first century.

The laser weapons mentioned are likely to be used primarily for defense against • -
$ close-in targets and , accordingly, are likely to be under automatic control. If a ship’s

own sensors detect that it is under laser attack, its own lasers should be fi red against
the attacker immediately. In this case, time for human evaluation and decision is not
available (Denikoff , 1976) .

Longe r range strategic weapons will p robably be automatically programmed,
Z but w ill probably be fi red through a highly safeguarded manual procedure , much like

the the current ballistic missile practice. In addition , there appears to be little rea-
son to suspect that the political consequences of inadvertent firing of a strategic wea-
pon will not remain a constant issue.

It seems probable that loading/unloading small missiles and torpedoes will - 

-

be perfo rmed by men using labor-saving machinery. These tasks can be expected to
be similar to currently required activities.

Ai r Operations

Despite the advent of the RPVs , manned missions should probably remain with
us. Search, rescue, and transportation, for example, should remain manned . It
is anticipated that shipboard handling of manned aircraft will be similar to current
practice, except that labor saving equipment may be used mo re extensively. Move-
ment of aircraft, between flight checks, refueling, etc. , should also be facilitated$ through provision of superior work-aiding machinery, and lightening of equipments
in general. Automatic landings of large airc raft is a reality of present. Extension • 

-

of this technology to shipboard landings may be expected to allow an increase in the
reliability and safety of landings of future aircraft aboard ship. .
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Control of RPVs should be computer-aided. Ope rators should be able to “fly ”
RPVs from simplified airplane-type controls at the senso r operato r ’s console. Even
in current RPVs, an operator can designate a location to which an RPV should pro -
ceed , and the RPV will be “flown t ’ there and back by the compute r (Defense , 1977).

The use of remote piloted vehicles may call for a variety of skills and activi-
ties not present in the current Navy. Recently completed analyses at Applied Psycho-
logical Services indicate that RPV control , recovery, and servicing require some
skills which are quite novel and others which are required today. Control of RPVs
during launch and recovery may constitute a new set of tasks unlike presently needed
activities. Personnel may need to be trained specifically to control RPVs during
launch and recovery.

Automatic takeoffs may, in fact , be performed. However, human monitors
may supervise takeoff s arid will control RPVs during landings at the ship. The human
RPV specialist may control RPV 5 close to the ship only. At distances of over a few
hundred yards, RPVS may be directed by sensor operators or by the ship ’s main
computers. This represents the design philosophy of RPVs currently under develop-
merit.

Return of RPV5 to storage areas , checkouts , refueling, etc. , may be per-
fo rmed in relatively traditional ways. Checkout of RPVs should be done by compute r
- -following the current  trend toward automatic test equipment. Only parts and mod-

- ule replacement will be performed aboard ship. The need for repair should be rare
due to use of superior bearings, materials, etc. , as described elsewhere.

Coauiun i cation s

If the interaction with shore-based computers becomes a reality, as described
earlier, then a major part of the mission of every naval ship may be to function as a
node in a global information network. Encryption and rapid frequency shifts will prob-
ably be used to help maintain communications security.

In addition to data , large volumes of voice, video, and message information will
probably be involved. Ship commanders may be able to communicate with higher level
commanders directly and with no greate r delay on message distribution than in trans-
mission. According to Marshall ( 1974), the individual ship should not be “on its own .
Each significant event involving a ship may be relayed to all ships to whom the event
is relevant. If interaction with shore based computers becomes a reality, ship corn-
manders could be made aware of approaching targets.

Crew members ’ mail might be routinely transmitted by satellite link , as well ,
if communication costs become sufficiently low. Electronic mail t ransmission is a

• current reality (Caswell , 1977).
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Co. bat Info r.ation Center

As indicated above, it is anticipated that the combat information center of the
year ?000 ship could be tied to higher command levels and central computers by high
capacity communication links. In combination with the volume of sensor data, high
speed processing, arid decision aiding which shouli~ be available, the speed arid effec-
tiveness of decision making will be far greater than in today ’s ships.

Data from central computers could allow target locations to be shown within a
radius far exceeding the range of detectability by the ship ’s own sensors,, according to
a varying scale or detail. All detectable targets, with tags, history, and projected
tracks, could be displayed much like today ’s air situation displays. Beyond the detec-
tion range, targets known to the central (shorebased ) compute rs could be selectively
displayed. Particularly important targets would be displayed to long ranges.

The redundancy of data sources and modes relative to each target arid the in-
teractivity of shipboard and shore-based computers could tend to increase the con-
fidence which could be placed in displayed information and would tend to decrease in-
appropriate decisions, as occurred at Pearl Harbor in 194 1.

• The close and rapid interaction between the ship ’s CIC and higher commands
could similarly prevent Pueblo-type occurrences which are greatly exacerbated by
absence of timely action.

The progress of the Office of Naval Research sponsored decision aiding re-
search is also noted relative to this type of problem (Sinaiko, 1977).

A higher volume of reliable information may therefore be available at the CIC
from a ship’s own sources and from the communications network. Decision making
may, accordingly, be more rapid , based on more data , and aided. In important cir-
cumstances, ships ’ officers should possess the capability for consulting directly with
or be directed by higher level commanders (Marshall , 1974).

Na vi gation and Piloti ng

The capability for almost full automation of navigation tasks should be almost
available by the year 2000. P rimary reliance will probably be placed on an on-board
inertial system for navigation and determination of position , as evident in current
FBM submarine~ . Position data might also be obtained automatically through com-

• parisori of bottom contours with computer-stored charts (Pryor , 1966). Military
ships may tend to place less primary reliance on shore beacons or satellites, due
to the effectiveness of satellite hunting satellites (Defense , 1977). Given detailed ,
self-contained navigation by inertial techniques as well as bottom reference, devel-
opment of fully automatic piloting, in which only origin , destination , and desired
time of arrival need be entered , seems a simple step. Weather data from shore sta-
tions could be sent to ships, and these data could also be considered by the piloting
p rogram.

$
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• Collision avoidance represents a necessary adjunct to the advanced autopilot.
A system employing interaction between computers aboard converging ships , similar
to the airc raft system currently under development , was described by Kiass ( 1976) .

The piloting station of the future will probably not appear similar to current
design. Controls similar to those currently used in aircraft or automobiles may be
employed. Displays may be grouped around the pilot according to frequency and
c riticality of use--as is evident in current SES design.

Conversations with ship officers hav e indicated a reluctance to accept an un-
manned bridge while under way. Howeve r, in open seas, a single man standing watch
may be acceptable. If manual piloting is employed , a pilot and single lookout should
suffice.

Maintenance

It is anticipated that during the twenty-first  century, onboard maintenance
• activities should include few tasks other than inspection, routine servicing, and re-

placement of modules. Mechanical equipment , it appears from present trends , will
have been replaced by highly reliable, solid-state electronic services. Electronic
systems should be extremely compact. Even now , the re is a trend towards small
modules which perform large task segments. Automatic switchover to available
spares may be frequently employed. C rew members may be required to replace
failed modules, but there should be less urgency to these tasks. The replacement
procedure should be to simpl y remove and replace lightweight modules specified by
automatically printed requests. This capability is alread y available. Manual or in-
teractive fault isolation should not be required . Maintenance tasks which call for
lengthy, difficul t, or detailed procedures should be performed by shore or tender
parties as is currently the practice in “I Level ” maintenance.

Sensors and automatic alarms may be heavily utilized to detect fi res , leaks,
and out of tolerance conditions . Responses to alarms should be automated to some ex-
tent. However, walk through inspections, as described for the propulsion plant , will
probably be required on a regular schedule.

A dainist ration

The available computer capability aboard ship should relieve ship ’s personnel
of many routine administrative responsibilities. Tasks such as development of dut y - •

rosters could be performed with computer assistance subject to review by responsible
crew members. Tasks which are relatively unrelated to the ship’s functioning, such
as maintenance of pay record s, promotions, and the like should continue to be pe r-
formed at shore bases (Fulton , 1974).

Disc iplinary act ions, perfo rmance evaluations, etc ., will probab ly remain
human functions , although these functions could be recorded at computer terminal s
rather than on paper.
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Through changes such as these, shipboard pe rsonnel could be relieved of a
• - considerable volume of administrative work. Senior personnel could suffer fewer in-

terruptions of their primary tasks , and fewer administrative clerks might be needed.

Hotel Functions

• All hotel functions could be streamlined and simplified for ships launched
around the year 2000. The interviews conducted in the course of the present program
indicated that : ( 1) much food service could involve highly palatable preprocessed foods ,
(2) microwave ovens could additionally speed food preparation tasks, and (3) on large
ships, some traditional “home cooking ” may be retained because of its effects on mo-
rale. Automatic scullery and self-clearning equipment could help to minimize house-
keeping requirements in the galley.

Normal uniforms could be “wash and wear , “ easy care jumpsuits which only
require machine washing and dry ing to be read y for wear. Housekeeping tasks could
be performed ising methods common today--power vacuum cleaners, and polishers.
Manual ci of areas could be required , but the design of ships with paneled corn-

• • partmen ~closed pipes, cables, etc. , would minimize the time and effort to be
devote ~ (Sakiem, Castle, & Weiler , 1971).

Personne l Re quirements

As the Navy moves toward the twenty-first  century, the requirements on c rew
perfo rmance should probably change considerably. Physical strength should become
progressively less important as ship components are lightened and labor-saving ma-
chinery becomes more prevalent. Crew members should be required to perform less
information processing and problem solving. Analytical portions of maintenance ac-
tivities may be reduced. Derivation of solutions in target tracking may be perfo rmed
by computer. Evaluation of target signatures , tagging of targets, control of propul-
sion plant , navigational computations, setting up of communication circuits , routine
administrative tasks, and many other tasks could become almost exclusively machine
functions. Human functions in the ship of the year 2000 will probably tend to involve
primarily higher level decision making, such as mission planning, analysis of observed
activities, overseeing automated functions , operating automated machinery, perfo rm-
ing scheduled inspections, housekeeping, and participating in training. Crew mem-
bers ’ responsibilities are likely to include tasks assigned to several specialties in cur-
rent practice.

Sizeable blocks of time could be devoted to training in future ships. This t rain-
ing could be related to personal growth and/or ship operation largely related to oper-
ations during battle conditions. - •

Casualty control training exercises should also be common. Manual operations
to control fire , flooding, etc. , might be reviewed and practiced.
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