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ABSTRACT

The computer war Same Is emer6ing as a vital tool for

finding near-optimal solutions to current military problems.

A computer war Same designed to permit parametric analysis of

a submarlno barrier Is developed. Simulation techniques, both

mathenatical and computer, are discussed. The effects of

assumptions Inherent In the computer war Same are described.

Illustrative analyses conducted through use o•* tUit computer

war 6ame are exhibited. Potential uses and methods forj

improvement of the developed war Same are discussed.

The author wishes to express his appreciation for the

assistance rendered by Professors Thomas E. Oberbeck and

Willard E. Bleick of the U. S. laval Postgraduate School

and •r. Willia= D. Jones of the Lockheed Aircraft Corporation.
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3U-'ZARY

The work presented in this pvDer -as undertaken with the
objactive of developint a computer war 6a=e which would pro-

vide a basis for the parametric analysis of submarine barrier

desaen. This war Same was contrived in a =anner which would

allow its application to a wide variety of barrier forms.

Initially, a hypothetical sub=arlne barrier and its on-

vlronment are defined. Characteristic para=etera are Isolated

to provide a basis for war 6ame sl---lation. In order to stay

within practicable pro;raai1ni licits, some non-senaitive

parameters are eliminated fro= consieteraton, aid others are

combined into a sindle parameter which effectively reprasents

all elements of the iroup. In addition, assumptions Inherent

in this war game simulation of a s-.bzarlne barrier are er.um-

e:.zted. 3oth war Saming and co-puter prozramminn techniques

are discussed in connection with siculating the hypothetical

barrier. The techniques discussed cover both georetrc_an%.....

functional aspects of barrier design.

Two sample analyses were conducted by the use of this

6o=puter war Same. One Is concerned with an estimate of the

optimal design-speed for the barrier submarine, and the other

looks at the relative effectiveness of different geometric

barrier forms as a function of detection capability. Neither

of these analyses can be considered complete. They are pre-

sented herein to illustrate analytical use of the computer

war Same. FInally, some potential uses for this war gamo are

Reproduced From
8est Available Copy



set forth, along with some brief descriptions of nrocedures

whiich miht be used in modiryinS the present computer program

to achieve Sreater realism and accuracy.

The author wishes to express his appreciation to ,:rs. J.

L. Ra.mos for her clerical assistance and careful p.oofreadinS

of this paper.
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Introduction

The field of Operations Research Is daily faced with new

problems which become Increasingly complex. The upward accel-

eration of the level of complexit•y In current national and

world problems has been broujht about, in large part, by a

rapid Eeneral expansion In the level of technology and a rapid

increase in the complexity of in ter-relatIons between individ-

uals, orSanizatione, and nations. Decisions made In this

envirorn.ent can have wide-spread effects which So far beyond

the im.:ediate problem-area in which the decisions were made.

At the national level, the effect of faulty decisions can

have a devastating effect on national security. The complex-

Ity of the decision envirinmont and the vital need for arriv-

Ing at the best decisions possible within the constraints

Imposed by this en'vironment Imply the need for a technique

"of analysis which Is capable of handling, realistically and

rapidly, the large number of Important variables which seem

to constitute a characteristic of modern Operations Research

problems.

That advanced tochnoloY' which represents a barrier to

the effective solution of current problems has, within the

-past few years, evolved a tool which can do much to assist

in solving these problems. The combination of this. tool

with a time-honored analytical technique provides A system

Si ] -
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for aidin6 in the solution ot compiex problems. The tool

evblved is tho high-speed, electronic, digital computers

anl the old technique Is that of war galinS.

The obJective of this thesis Is to de=onstrato the use

of such £ waz'-;&me/comaputer combination for solvlin decision

proble=3 In connection with an AW' submarine barrier. The

problem area associated with submarine barriars has the high

level of co=plexity Inherent in most present-day problems,

and the proper solution of theae proble=s is vital to the

rnational security. Thus, the area in which this thesis

works talls within the Seneral cate:ory of i=portant pro-

ble-s referred to above. Before proceedirta with the de-

tailed thesis, it would be well to ;resent some of the

h:istorical backirouni which has led to the synthesis of

war Sames and the digital computer as an analytical tool.

"taxr Saming is an ancient technique. In its crudest

form, it found expression as early as 1000 B.C. as the

forerunner of the modern game of chess. In essence, chess

Is .a ame of war which has bees divested of its physical

aspects and remains Os & purely intellectual struggle

between two individuals. Nearly all of the historical

development of var gamin6. until the nineteenth century,

was based on various attempts to evolve a more complex and

sophisticated form Of chess. fte objective was to devise a

gaze which would more closelY approximate the endga6semeft of

forces in the field.

P i s-
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Historical variations In the chess-type war game took

on many forms. The earliest of these was developed by

Christopher Welkhmann in 1664. In his Same each opponent

had 30 pieces; each piece had a name representing some

=ilitary function. Therd were fourteen different kinds of

fixed moves. This game remained as an Intellectual contest

between individuals, and as such was simply a complex exten-

sion of the basic chess game,

In 1780 a eane called Helwig's War Chess appeared on

the war gaming scene. It was played on a board consisting

of &,65.6 squares, tinted to represent variations in terrain.

In the playing of this ga=e. mathematical processes were used

toward the objective of reducing a fortress. This objective

was synonymous with the major military objective of the day#

and the Same was used I. .the early training of potential

military officers.

Over a period of many years, a largo number of attempts

was made to develop a 9a=e which would contain elements simu-

lating those normally encountered in the battlefields. It

* was thought that such a gale would provide an economical

means of furnishing some battlefield traiflfl in the class-

room for potential military officers. The number of squares

"on the Chessboard was Increased PrOgressiVly to 3,600.

Several different schemes were utiliSed to provide represen-

tations of terrain variation on the board. The nmber of

pieces iin the sane was increased, and thei1e pieces, a4ong

_M _ _ _Fr
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with their Possible coves, began to take on military sISnIf-

icance In a core accurate sense. The methods of making

moves duzring a Same changed considerably. Mathematical

prococnes were utilized to deterirne appropriate coves

under a Siven sat of circumstances. Chance elements were

Included. For example, in one ga=e a die toss was used to

dotermine the effect of a particular application of fire-

power,

It becane apparent, In the '9th century, that further

modifications of the basic chess Eaze would not Ereatly' en-

hanco the traininS to be derived fro= this technique. .As a
concequence, fundamental chnn;es were =ade. First, a cand

table and, ultimately, a space the size of a drill floor

wore utilized in creatinS terrain -cdels on which to conduct

war games. The pieces used In the ;a!me= took on a closer

reprosentation of actual forces in the field. In addition

to its training function, this type of game was utilized

f In planninS contemplated military actions.

Another trend which became evident during this same

I period was the use of charts, laid out to a specific scale,

to serve as the field of play for a war game. A form of

this technique was used by Napoleon; however, he used it as

a personal scheme for planning operatlons ant, as far as is

known, never utilized the techniqu, as a training device.

The ultimate development of thbs sort of war geame has

led to .the use of actual for-.oa participating In mock t'ars

4 *



or, more accurately, mock battles. This technique is used

to the present. It is used extensively by the Navy in its

fleet exercises. This technique has an advantage In pro-

vidInS military forces with practice in the execution of

current tactical procedures. However, it has several dis-

advantages when used as a device for analysis of a problem-

arca. It is extremely expensive and requires an inordinate

amount of time to acquire sufficient data to render the re-

sults si~nificant. This technique completely breaks down a3
a possibility for testlng proposed weapons systems, since the

weapons inherent in the proposed system are not available for

field test.

Fortunately, at this staGe in the history of mankind

when technology Is advancing at a rate which makes "news

weapons becode obsolescent very rapidly, technoloSy has also

provided a system for conductin6 easily controlled, compar-

altively accurate, widely variable, relatively inexpensive,

*and rapidly played war games. This device Is the high-speed,

electronic, digital computer.

* -The full capabilities of the digital computer are not

-Anown at present. However, even with the relatively minor

Inroads which have been made into the field by current

practitioners, the system has demonstrated its worth for the

extension of the war gaming technique. The computer, pro-

grammed to simulate an operational situation, provides a

system for testing new tactics and proposed weapons systems

E 5



wh-.ch Is unequalled in specd and effectiveness by any other

tochnique.

Nearly any military situation ran be simulated In the

computer. It Is true that, due to lack of available computer

=e*ory space, time, and/or other factors, basic assumptions

:..ust ordinarily be made which tend to degrado the realism

of the c=puter simulation. However, careful control over

the as~u=ptions which are built Into the program can ensure

effective results.

The advent of the high-speed digital co=puter has brought

a now, previously unattainable, capability Into the war Sam-

InS field. 3y use of this tech:nlque, a complex weapons

system, ¶lhich exists only as a para=etric mental concept,

c= be toeted for feasibility and operational effectiveness

prior to the time. that'*fnds =ust be expended on the tech-

nical development of this weapons system. In the present

world situation, where limited research and development

funds must be expended In the most efficient way possible,

this techniqua can be of inestimable value In the develop-

menot" of a. new system. Optimal values for appropriate para-

meters can be establichedi and various means of tactical

and/or strategio utilization can be explored. The establish-

mont of non-sensitivity conditions with. respect to some para-

meters may lead to savings in the expenditure of development

"funds. Thus, the appl5.cation of computer techniques to the

"old art of war Bamint is providing an extremely valuable,

76
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even ossontial, tool for the teat and evaluation of nov Ideas

in this PrOsent-day world of soarind technoloSy.

In summary, the war Same began as a relatively simple

same of chaos. AD the conduct of militar. maneuvers and the
weapons In uso became =ore complex, the need for a device to

train personnel, test tactical concepts, and plan military

cam~p.t6ns became anparent. Unt'l the mid-2Oth century,

"various, sometimes quite involved, modifications of the basic

chess Eame aerved these .urposea. In the envirorzont of the

modern exponential rate-of--vLance of tec'.iology, the claSsi-

cal systems of war C Caing serve only limitod objectives. The

n:ev technology establishes a need for a modernized war G-•&Ir

technique which will provide for rapid and effective analysis

of proposed concepts. The high-speed digital computer has7

filled this need. The potent.al of this technique has barely
boon tapped to date. It prcmiscs a rapidly increasing utility

for some time to come.

In this thesis, computer aiZ war &a=InS techniques are
dombined to form a same which simulates the conflict between

submarines In a barrier and an unfriendly submarine attemptin6

to transit that barrier. The remainder of this writing sets

forth the simulation techniques used, functional operations of

* the computer pro6ram, and Illustrative analyse

IN,
Detailed programming techniques will not be covered.

This war same waa proSrammed for the '1604 Computer manufac-

turod by Te Control Data Corroration. A copy of the proEiram,

7_J ;
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along with pertinent operating instructions. Is kept on file
In the N:athematics Department of the U. S. Navij Postaraduate

School, ::onterey, California.
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Chanter IT

': 1. 1iMulatlon 9f 3ubmarine Barrier

Th..? war EaminS technique as applied to a digital computer

1: an alzirable device for conducting an analysis of optimal

suA.~rine barrier design. A simulation of this type serves to

:Iluctrate the =any advantaSes of a war Same approach to the

problem.

Mhe war Same which was evolved anA prodra~m-ed for the 1604

-o:z.uter in the development of this thesia (hereinafter re-

ferred to as tie thesis rro,:ra-) .siulate3 a hypothetical

A634 subtzrlne barrier and the environzent in which. it functions.

CUr first step is to establish the £eoraphic environment of

the simulated tarfter and to determine those parameters inher-

ent in such a barrier which must eo incorporated In its war

£--ae simulation.

The barrier contemplated by the computer simulation'of

this thesis has certain specific characteristics. These char-

acteristics are not intended to represent any particular barrier

design. A specific attempt has been made to keep the geopetpy

of the barrier quite general and elementary. The purposi In

doing so is to provide a proSram which is suitable for basic

analysis of a wide variety of barrier situations.

The barrier under consideration might be classified as an

"open-ocoenw type. It is positioned in ocean areas which are

unobstructed by land masses, and in which traneiting submorines

9
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are not restricted, for one reason or another, to passage

throuSh a narrow channel. An example of this sort of barrier

would be one which was positioned cefensively along a national

coast. It might also be positioned across an expanse of ocean.

The barrier under consideraticn is a straight-line barrier.

,hero is no provision in this proEram for either a curved-line

tarrier or one composed of two or more straight-line segments.

The barrier formation may consist, in depth, of' one, two, or

three lines of sub=arlnes. Zach otb=arine in each barrier line

is assirned to a specific zone, and it =is3t re=ain within its

assigned submarine zone throughout the existence of the barrier.

"This zonal restriction re=ains effective In an attack situation.

The submarine zones are rectanSular in shape and are of the

same dimensions for all submarines In a given barrier line.

The dimensions of these zones may, however, vary between barrier

lines in cases where the barrier being studied is more than one

line deep. Each submarine is required to maintain position in

the center of its assigned zone. This restriction is, of course,

waived during periods when an intercept of a transitinS submarine

is being conducted.

The development of a computer simulation of the barrier

described above must be done in terms of its characteristic

parameters. Obviously, complete and realistic simulation In-

volves a large number of th*ese. The foll8in list of aa-

motors might be. used to characterize the simulated barrier:

1. thength of barrier front.

10! Io!



2. Number or barrier lines.

3. NunbOer of s-ubmarines in each barrier line.

4. Leneth or submarine zone in each barrier line.

5. 'Wildth of submarine zone In each barrier line.

6. Distance between barrier lines.

7. Relative positioninS of submarines between barrier

lines.

. �Barrier sutzarine speed capability.

9. Barrier submarine endurance at various operating

speeds.

10. Operating depth of barrier submarines.

11. Geometric pattern of detection capability.

12. 1later conditions which Influence detection capability.

13. Other. environmental factors which influence detection

capability.

14. Effective range of installed weapons.

15. weapon delivery characteristics.

16. Accuracy of weapon fire control system.

17. Lethality of Installed weapon*.

18. Human operator-f.'Ot•or s which relate tu submarine con-

11
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trol, detection, target classiflcption, target fixing, weapon

headllng, and fire control.

19. Inter-cubmarine communication capability.

The foregoing paragraphs ccnstitute a physical description

of the hypothetical submarine tarrier which Is simulated by

the th•osis prosraz. The simulation techniques used In the

developmeont of the thesis program do not constitute a co=-

;letoly realistic representatiorn of this hypothetical barrier.

In preparinG the thesis prc5ra=, some of the parameters.

listed above were not cbnsidered. In addltion, simplitfing

assumptions were made with respect to some of those which were

considered. h.e fact t.at sc=e parazeters were either Inorod

or modified does not liply that co=puter processes are not

capable of dealin- with them. The list of pertinent para=etors

was modified in effecting suizu.ation for one of two reasons:

either time available for thesis preparation was not adequate .

to allow consideration of some parameters or a single, con-

posit* parameter could represent a group of parameters with an

acceptable de6ree of realism.

Those pars=etric characteristics which are used by the

thesis prosra- to effect simulation are set forth below. The

S* data in parentheses followring the description of each per&-

meter are its representative symbol and the maximum value of

that parameter which can be entered In the program. In moat

cases, tUis Maximum value is dictated by the availability of

o2



data-entry space on the console of the computer. Other systems

for data entry than that used In the thesis prograa would re-

aove this limitation.

1. Length of barrier front. (L) (24,576 miles) The

limitina value of this parameter Is diatated by the amount of

computer memory space reserved for entry of the geographic plot

of the barrier.

2. Number'of barrier lines. (O) (3).

3. Length of submarine zone in each barrier line. (Zj;

. = 1, 2, 3) 511 miles).

4. Distanco between left extreme of barrier front. and

beeinninn of first submarine zone. (Il ; = 1, 2, 3J (511

miles). This parameter Is used to establish the relative

pocitioniln of barrier subi-•arines between barrier lines.

5. Distance between barrier lines. (5) (51t mles)

S. Number of subcarilnes in each barrier line. (NlJ,

I = . 2,3) (63).

7. Barrier submarine speed capability. MV) (511 knots)

This represents the upper limit of the speed which a barrier

submarine is capable of making in a particular run of the

coputer progrs.

S8. Detection Range. (R) (511 illee).

2. Range uf installed Meapons. (3) (63 miles).

-1.
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10. Conditional Probability of kill of transiting

aub.arlne, given a dotection and Interception. [?(W)] (1.00).

raus far, only a one-sided 5ao h&a been discussed. Any

£:=o Involves some sort or conflict botween opponents. In the

war Cname In question, the cpponent to the barrier submarines

Is an unfriendly submarine which at#:mpts to transit the bar-

rier. "*%is taraet would have rouehly the same set of char-
acterisatc para=eters as a barrier submarine, plus freedom of

-ovomunt. However, due to lack of available time for program-

=InE, only the following two parameters are used in the simu-

lation O the 'translting zubzarineg

1. TransJt sub=arine speed. (U) (63 knots) In the thesis
prorau, the transiting sub-arIne =oves constantly at the

s-•eed set by the prosram operator on the computer console.

2. Transit track angle. (0) (.90* to - 90*) The refer-

oence ray and directions of =easurement for this parameter are

Indicated In Figure 1.

In addition to those parameters set forth above, there

are two which are generated in the computer as a function of

Came plays

I. D0et;otion anSle. (0) (0C to 180o) The reference

ray and direction of measurement are Indicated In Figure 1.

2. Interception speed requirement. (Vr) (no effective

limit) This paramoter represents that speed required by the

* "/ 14

w Mn V



tarrier submarine in order to Intercept the target following

detection.

A diagramatic ropresentAlton of the 6eornetry and pertinent
parp~meters of the barrier simulation Is contained In Figure 1.

Dilran 2L SubmarIne Sarrier

Atatini'1 Line

N, 4

X 2 rl 0 N29



In order to understand and, more Importantly, to evaluate

results, one must know what assu-ptiors have been built into

the computer simulation of the pubmarine barrier. Some of the

assumptions Inherent In the thesis prcram: have been made In

order to reduce the magnitude of tbe progranming effort. The

computer Is capable of har.dling the problem stripped of these

ascuiptionc, but time was not available for the necessary pro-

Gramine. Procedures for eliminating some of the assumptions

will bo discussed In Chapter 7. Those assumptions which are

.-. licit in the proGram are as follows:

1. The barrier environzornt is essentially t-wo-dimensional

in nature. Depth of tho water, barrier submarine, and transit-

ing sutmarine are. not considered in the thesis program.

2. 14eather, ocean currents, and similar environmental

factors are not important considerations In the barrier simu-

lation.

3. Due to navieationat errors and other influences, each

barrier submarine will be normally distributed about the center

of Its assin5ed zone.

* 4. Barrier submarines are unable to communicate with one

another.

5 •. The zone of detection capability or each barrier

submarine can be represented as a sel-dirculr area.

6. The t-ansItine subcuLflO will be detected with

• .: t6
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probability 1.0 If It enters the effective detection area of

a~ny barrier submarine.

7. Only one sutmarine In each barrier line will attempt

an att~ackc on any target, and that submarine will be the on*

which Is closest to the point 'at w~hich the transiting submar-

- ~ins will cross the barrier.

8. The barrier submarine which Is closest to the. transit

crossin.C point will always attempt an attack. In other words,

tho co~andinS officer of the barrier submarine will never In-

tantionally allow the target to pass throug~h the barrier.

9. The barrier submarines are constrained to move only

on a trackc parallel to the barrier line while attempting an

intcrception.

10. Any barrier submarine which Is capable of Interception j
will always fire on the target.

It.* An attacking barrier submarine will always fire an

soon as it comes within effective firing rang* ot this target.

12. An attacking barrier submarine will tir. On the

target only. one.%

1, There are no friendly units tranuiting the barrier.

,&rget classification is not a consideration in the simulation,

14. Thepoits ro whch flC~7submarines commence their.

trannitf will be either uniformly distributed along a reference

17



line thead of and parallel to the barrier front or normally

distributod about a point on this reference line opposite

tho cantor of the barrier front.

15. The tracks-of transitin6 submarlncs will be normally

distributed about a perpendicular to th barrier line.

16. Transiting submarines will always travol at their

assignod speed.

17, The transitin6 submarine 'has no knowledge of the

existouce of the barrier. It therefore takes no evasive action.

18. The transitin6 sutgzrine will, not attacir any barrier

sub~arino, tnd the barrier is not under attack from other

outside sources. Therefore, there is no attrition of barrier

sub=rine s.

Of the above list of 18 assumptions, there are six which

are considered as being unrealistic to the extent that they

adversely affect the realism of the outpAt data. These six are

numbereds 1, 9, 12, 13, 17, and 18.I

Assunptions 9 and 12, while they do not represent those

actions one would normally expect to flnd in the hypothetical

barrier, do not seriously affect data "rived frox the program.

In effect, .these assumptions represent a emservative silula-

tion of hypothetical barrier action. I1r ultinatOe efteet 's

to 5enerate output data which represeita a lower bound on that

wihich, ilSht be expected without them.
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The remaininS critical assumptions tend to generate overly

optimistic output data. They serve to oppose the lack of real-

Ism in the two assumptions cited above. However, the exact

composite effect of all s"x assumptions is undetermined. Their

overall effect Is to reduce the'deo6ree of resolution which may

be obtained in a sensitivity analysis of barrier parameters.

.;Ith a recoSnition that these assumptions are implicit in the

program, an appropriate estimate of the level of significance

can be determined for the results of a particular analysis,

Slements of data for use In analyses are obtained from a

series of plays of the war Same contained in the thesis pro-

cram. The number of Sa=e play~s in a. series may bo detarmined

by the program operator. A sInGle play of the game. consists

of the following sequence:

1. 7he barrier submarines and their detection sensors

are entered in a SeoSraphic plot of the barrier. Zach submarine

is positioned in accordance with a ner=al distribution about the

center of its assigned zone.

5 . 2. A uniformly or normally distributed startlng point

along a reference line ahead of the barrier is established for

the transiting submarine.

. *Tbe course on which the target will penetrate the

b rI:4er is selected in accordance with a normal distribution

centered on a perpendicular .to the barrier line.

4, The transiting submarLin Is moved through the ba-rrier,
•° •--9
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and the outcome of the Same, In terms of detection, Intercep-

tAon, and Rill, Is recorded.

The barrier suboarine war Same 4escribed in this chapter

=ujt also be explained In ters3 Of Its operation in the computer

program. Pertinent computer simulation techniques are presented

in the next chapter.

\
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Chapter it!

Cemnuter 31mulat1on of S'ubmarine Barrier

The thesis program Is of modular :onstruction. This sort

of program construction, in general, results in inefficient use

of computer space and, to some extent, additional running time

for the program. However, it has a decided advantage. -Since

the individual program modules are nearly Independent of one

another, this type of construction provides for relatively

easy later modific&tion of the program.

There are several elements of sophistication which, if

added to the thesis program, would heighten the realism of the

simulation and/or provide for additional areas of analysis

with respect to submarine barriers. Some of these elements

will be mentioned in Chapter V, along with descriptions of

sohe general processes by which their incorporation might be

accomplished.

In addition to that portion of the thesis program wbich

actually produces the barrier simnulation and Same play, there

are several supporting sub-routines which are used throughout

the program. These are not directly concerned with the sub-

marin' barrier war game. In general their presence Is dictated

by needs which arise in connection with either mathematical

models or arithmetic processes. inherent in a digital computer.

The f-nctions of these supporting progra modules will be coy-

ered, but not the detailed programming techniques, since these

techniques are more or less standard. 4

7.



VN

The supporting sub-routines utilized in thIs program areas follows s

1. A random number Eenerator which produces random sam-

ples from the uniform distribution on the Interval [G,1)?

2. A random number Senerator which produces random sam-

pies from the standardized normal dlstrlbution 4

3. A routine which computes the sine, cosine, and tan-

Lent df any Inteier-valued an~le from 1* to 89*, Inclusive.
7his routine contains a table of sine values for all angles In

the.,&Voi range. Otheh..tilnometric values are computed as

functions of the sine values. One section of the computer pro- I
Eram involves a range of angles from 0e to 1•0°. Angles greater

than 90* are handled elsewhere in the program by entering this

sub-routine with the supplement of the desired angle and affix-

ing the a.bpropriate sign.

4. A routine which converts positive and neSative

numbers in floatlnS-point format to their nearest integer

equivalent.

5. A routine which converts positive and negative

integers to their equivalent floating-point format.

6. A routine which converts positive fractional num-

bers from the interval [, 1) to their equivalent floating-

point format.

7. A routine which computes the sample mean and

22'
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varianco of the output data from the program.

"tlth the excepticn of the two random number generation

aub-routinos and the statistical analysis sub-routine, all

of the alove are entered by a return Jump, with the number to

te treated in the A-reSister. The two random number 5enerators

are also entered by a return up, but theyfi%.~ p buftey inctiin independ-

ently of any data Input fro= the main program. The output

from all of' seo sub-routines, except for that which performs

th. statistical analysis, is entered in the A-register prior

to return to the main profra=. The statistical analysis sub-

routine sees into operation a:to=atIcally upon completion of

the specified number of Sa=e plays. "h.%is sub-routine computes

the sample mean and varlanco of detections, intereaptions,
and kills for each Sroup of 100 transits through the barrier.

it thrn co=putes the -oan-of-means and variance-of-means for

the specified number of 100-transit runs made during an

inlvidual running of the program. All of this data is stored

in the space in the computer reserved for output data.

All of the above described sub-routines are supporting

elements of the main baririer simulation program. The mam

proGram itself Is broken Into several nodules, each of which

performs a more or less independent function i'u the process

of the overall war game simulation of the submarine barrier.

Those modules divide the barrier war Same into- more or less

natural components. Fi5ure 2 is a simplified flow-dianram

"Which Illustrates both the general war 5amin5 procedure and the

functicnal positions of the main program modules,

23
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The following aub-parapraphs contain brief descriptions

of the. furnctions performed by the various modules of the coa-

putor proGraz indicated in ?Iure 2:

i. Store and Comjute :ata.

(a) The Input p.ara=atric values which were entered

or. the console tf the co=puter by the proGram operator are

placed In storase for reforence a•d uoe during operation of

-he prosra•.

(b) h.oe =ean position of each barrier sub=marine Is

con-ýuted and stor3 'or further use. These moan positions are

e-praoced In terms of miles ro= the left end of the bagrier

line,

(a) T'he �;eo~rc.: position -which each barrier aub-

zmrno will occupy d&irir.n a sinZld &a=e play is computed and

stored for Airther use. fhe o foct\of the computation involved

in to distribute .the barrier subnar#0s normally about their

mean positions* with astandard devis, tonl of 8 miles.* This Is

accomplished by taking a rando= normal deviate from Its Bener-

ator sub-routine, .- ultiPlyinS this by $he 8-mile standard de-

viation, adding the result to the appropriate submarine mean

* ..0ositlon, and storina the result for later use.

(b) The diazeter, In miles, of the area of detection

Scapability for b-rrier su bmarflne& is coputed and stored. A

s 0 of 1-bits, equ±valOnt to the above computed lensth end

25



contored at the norMAlly-diatriuted Position or each barrier

subiarino, Is then entered In the -pace in the computer re-

eorved for the Sooeraphnc plot of the barrier. The remaining

bit positions In the tarrior line(s) are left zero.

R..un Transit.

(a) The starting point for the transiting submarine

is estnbll3hed alone a reference line ahead of the first bar-

rnor line. In order to provide fcr different environmental

b.rrier conditions, two alternatIve =eans of determinin5 this

entry point are provIded in the pr-;r., at the option of the

.ro-rc.- operator. In nor=al usase, tr"-nsit entry points wlll

"=.e •ifo.-ly distrib.uted over the full length of the first

tarrIer lnro. If Ju=p Eoy I on the computer console is set,

the transit 3tartir.S points will be nornally distributed about

the center of the first harrier line, with a standard devia-

tion of 104 miles. Theose options are provided to differentiate

between (1) the case whorein.a truly open-ocean barrier Is

concerned and transitinG submarines are equally-likely to on-

ter at any point along the barrier front, and (2) the case

wherein transiting submarines are expected to travel alern a

comparatively narrow channel,

(b) The track angle of the transiting submarine is

computed. The thesis prosran provides for normal distribution

of this track anile about a perpendicular to the barrier liMe,

with a standard deviation of 8 degrees.

C() The effective detection fot along the barrier

26
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line is Increased as a Aanctlon nf the transit track anile

(S.o Appondix A). This effective Increase In detection front

Is -c'.: cntered at the appropriate end of the detection front

for oech submarino in the barrier,.

*C(d) A single l-bit is itioned in tJae Q-r-ister-,
aSd :n Indox resistor is approprlitoly set, as a function of

the longth of the first barrier lino, the selected distribu-

tion of otartinG points, and the transit track an•ie, so that
a sen.-lo bit can be extracted frzo: the :.propriate point along

ahe Zcorapi'Ic plot or each barr.•.r IUno. The extracted bit

rer. .enta t~hat point at w•'ih the trnr31ter crosses the bar-

.ior lino (see Appendix B).

4. Deteetion.

S(a) "..e.er or not detection occurs Is dotor.ined by

the .it extracted fro= the Zeoara.rhic plot of the submarine

"barrier. If a 1-bit is extracted, ietection has occurred; If

a 0-b1t. i extracted, there has bien no detection.

(b) If no detection occurs during a coxplete barrier

transit, the thesis proGram erases the geographic plot of the

barrier, re-enters the barrier plot with new, nor-mally-distri-

buted positions for the barrier sulbarines, and runs the next

oubmnarine trarnsit throu• the barrier, in the manner outlined

above,

(a) If a detection occurs,, the detection is recorded,

ad t~he prosrn checks to soc whethor or not the transiting

and t,,.e .r•=cecst 0



submarine will pass, on its present track, Within weapon range

of the barrier submarine. If It will, the program coves to the-odule which determines whether or not the transiter Is killed
wheyn fired upon. If the transter will not pass within weapon

ra.n~o of the barrior submarine, the thesis program computes
the detection angle and moves to the module which determines

, i •'hothor or not the barrier qub-.arine Is capable of intercept-
ins the transIter. (See Appendix C)

I. ntoercent lon.

(a) .. e speed required of the barrier sub-arine In
crier to ef,'oct Interception is co-puted (3oe Appendix D). If
the speed required is greater than tLe speed capability of the
barrier submarine (as established by the operator prior to

starting the proSram), the Seographic plot of the barrier is
erased, and the next transiter Is run through the barrier, or
the next barrier line Is transited if the barrier is composed
of more than one line. If the speed required is less than or

equal to the speed capability of the barrier submarine, the
interception is recorded, and ta program moves to the module

which determines whether or not the transiting submarine is

killed when fired upon.
I

(a) Determination of whether or not the trelsitlUn

submarine Is killed is accomplished by taking a random number

• ffro the uniform distribution on the intarval [O,1) and ooi-

paring this with the P(K) value which was entered on the con-
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!olo as an Input rarameter by the proSram operator. If the

randon number 13 loss than or equal to the Input probability,

a kill In recorded, and the next trar.sit Is run. If the random

number Is Creator than the input nrobi-blIty, the proSram

moves directly to run the next transit.

7. 100 Transt Done.

(a) The prccedure through step 6 above Is followed,

with new normally-distributcd positions for all barrier sub-

marines on each tranait, until -00 transits have been run.

(b) Upon completion of 100 1transits, all valuas of

input parameters used and the recorded values for detections,

interceptions, and -Ills are-stored In the space provided for

rocordina of out-ut data from the prozra-. The preerS then

moves to check whether or not the specified number of game

units (100-transit r.,s) have been completed.

8 Game Units Done.

(a) As each 100-transit run is completsd, the values

of input parameters and the output data from the progr1are

stored in seqi'en@ in the space allocated for storage of out-

put data.

(b) Upon completion of the specified number of same

units* the thesis program moves to the stastioca analysis

section.

9. Comtute and Store .:eans ard Variances.

111P P
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(a) in thi3 parL of tho Procra-, the mean and var-

i.nco of the d-^ta for detoction., i:t:rc-tlon•, and kills 13

co=Nutod for each 100-transit run ".- st•orcd in tho out•-1t 'ta

space in tho computer. 'Zon this :quuncZ I- ~a.

Qean-of-=oans and variance-of-ceanz :or each of C:a Lr'" t7• .. 2..

of rocordod data is coiputod with respect to th-o zpeciflOd

number of Came units completed. T:zeare stored as the final

set of data in the computer spacq rs•ervod for output.

,he fore-oinS provided a brief 7eneral descri.tion oa the

mnner In which the thesis pro~ram .uýictions as a subzrilno

simulation. 3omo additional comments 3hould be made with re-

spect to the way In w'hich two-di.ensianality and other features

are handled In the thesis proSero.

:he seosraphic plot of the subzarlne barrier, as it is

entered In the computer, is one-di-ensional. The 1-bits which

are entered as sensqrs for the barrier submarines represent

their detection capability only alonS the barrier line itself.

The second dimension is Incorporated Into the program by the

"use ot =athematical models In its "DOtection and "Interception"

modules (See Appendices C and D). In a sense, when a detection

occus the proS14M stops for a mo=ent and reconstructs the

history of detection and movement of the transitin sut rine

-hich would bAve had to occur in order that the transitlne sub-

* ' m~ln@ ro~ss the barrier line at the point established during

* gaze play. By applyin& the. speed of the transiting" sub'm"-ne

Sto tis history., te speed required by the barrier submarine

in order to e.tect interception is computed.
Sor_ __
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Details of tCe submarine barrier war damo played by the

thejaio program h:-e been presonted in this und the 2roccding

chaptor. The =-w is ;I^yed In or'or to isolcte and _-ain In-

31-.ht lito the critical roatures or srine barrier design.

S7he following chapter explains the output da-a id;:irated by

the thesis progra- and its usa In conductina analyzes.

i
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Mhagter IV

Output Data from Thesis Program

Our next points of Interest are the output data from the

program and the use of this data in conducting analyses. The

data Generated and stored by the thesis program was designed -

to provide that Infor-ation needed for thesis development. In

order to serve other purposes or to inprove on the accuracy of

Generated data, it mi6ht be well to alter any or all of the

following output data characteristics: type, quantity, numer-

ical format, and dec)mal accuracy. So=e possible changes In

the output data will bo discussed in the next chapter.

All outpAt from this program is expressed in octal Inteo-

era, This data form was selected because it provided the best

adequate type of data expression to meet the needs of this

thesis.

The data print from each running of the program contains

the followine informationt

1. The input parametric values entered on the console by

the program operator.

2. The number of detections, interceptions, and kills

* generated by each set of 100 enemy submarine transit& through

the barrier.

S| 3. The mean and variance of the 5eca*rted data for

detections, Interceptions, and kills for each set of 130
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enemy submarine transits tVhroush the barrier.

4. The moan-of-means and variance-of-means of the total

lata generated during the runnfin of the 3pecified number of

6ame units. These values are computed for detections, inter-

ceptions, and kills and represent that portion of the data

froe each program run which Is usable for analysis.

As was mentioned before, the output data Is expressed In

integers. iowever, since the Intezers represent proportionate

parts of 1O0, they are imtedlately exnressable in probability

terms, as follows:

P(D) = number of detections
i00

p(1) =number of interceptions-
100

P(K) number of kills

The output data generated for the conditional probability

of kill, P(K), are valid as probabilities for all barrier con-

figurations. However, the data generated for P(D) and P(I) are

* valid as probabilities only when the barrier being simulated

consists of a single line of barrier submarines. When multiple

lines are involved in the barrier simulation, a single tran-

siting submarine may be detected and intercepted more than

once without being killed. Under certain parametric combina-

tions. actual computer runs of the thesis pro"raf have reu-

larly resulted in more than 100 detections-per 100 transits.

S... . .• • • m w•-•.•3.
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rhis cannot occur In the case of the ?(X) dat.a, since each

transltln6 sub=arine is eliminated from further game play as

zoon as a kill occurs. In order to obtain valid P(D) and P(I)

data in the case of multiple barrier lines, the methods of

both data storaee and probability cc=putatlon would have to

be altered. P(E) data was sufficient for the purposes of this

thosis, and therefore no =odificatlcn was made in the program.

During the initial stases of thesis development, It was

believed that, for a 6iven set of Input parameter3, the var-

4ation in generated output data between any two 100-transit

runs would be neSli61ble. *..en the :.-oýram had reached an

operational staGe of development, it was discovered that the

difference between extreme values of the output probabilities

could be expected to vary by a value of about 0.10. Tnhus, it

became evident that the data from a single set of 100 trai~sits

could only be considered as a sample of size 1. This develop-

ment gave rise to the need for the statlstical program adden-

dum which is now an inteSral part of the program.

The remainder of this chapter will be devoted to exposi-

tion of three sample analyses conducted by use of the thesis

Sprogra2. Two of these analyses demonstrate ways in which the

thesis program may be used to conduct a parametric analysis

1 subaiarine barrier design. The other sample analysis

illustrates a means for Selecting optimal sample se for

the output from c computer war Sam@.
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2 n'.tl nal arrter jut-arine U oed C.•nabilitX

One of the lm.ortant paratetera of s'Thbnarlne barrier

.0sIZ: Io tha apc d cap'ibility of the barrier zub:.aainos thez-

selves. It would be desirable for the barrier sutcarines to

.,ave sufficient spcea capability to permit the= to Intercept

any tarSet detected. ThIs cannot be, however, since the

ability to Intercept a target that has been detected just

tefore leavinG the barrier zone would require an infinite

speed capability on the part of to.. barrier zut:arlne. In

addition to other consilerations, high sped capability in a

sub-arire is very expensivC. Since available funds must be

dlatributed over =any elenents of defense, it becones asrential

that some optimal speed be deter=lned which will provide the

barrier sub~arIna with a.n acceptable level of interception

ability and still represent a properly proportionate expen-

diture of defense funds.

This particular analysis attc-Pts to look at the above

problem. At this point in the proceedings, a word of caution

* should be injected with rerard to this and the succeeding

analysis. This caution has to do with the effects of assump-

tions inherent in the program on the validity of the output

data. As was stated in Chapter 1I, the thesis program does

rnot simulate real operational conditions in any complete sense.

Therefore, any analysis conducted by use of this pro6ran, at

It& present level of sophistication, can onlý lead to conclu-

sions relating to Sro03 aspeota of submarilne barrier design.
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No fine parametri.c analysis should be attempted with the thesis

program in Its present state of davelopment. The data In the

succeedinG analyses will be referred to in definite quanti-

tative terms, but the reader should bear carefully in mind

the statements made above.

The output data acquired durInS this first analysis has

been converted to a Graphic display In FiSure 3 on tha follow-

Ing page. This curve shows ti&, probability of kill versus

barrior submarine speed and Is termed simply a performance

curve. Zach point on the graph represents the output from a

single run of the prosram, wherein the =ean P(K) for 1,500

enemy submarine transits was computed. Thus, the Sraph pre-

sented In Flegure 3 portrays the output from 15 program runs

of 1,500 transits each. The total running time on the com-

puter for this analysis was two hours. All input parameters,

except the barrier submarine speed, were held constant during

this analysis. Barrier submarine speed capability was varied,

in successive program runs, from 0 to 80 knots. The selection

of uneven speed increments, which are evident on the graph,

was prompted by a pre-conzelved notion that the lower speed

values would be most critical. This preconception is borne

out by the generated data. The parametric values used In this

analysis were as follows:

a K = I barrier line R = 225 silos

11 = 50 miles 3= to miles

ZI = 500 miles W = 30 knots

N, = 6 submarines V =O, 1, 2, 3, 4, 5, 10,

15, 20t 30, 4o, 50, 60, 70, & 80
knots.
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Rolativo to thtco para=otcr valuea, some Coneral con-

cluslons roeardix.g hzarr24or oubar-lne specd can be drawn from

the characteristics of a .erfor.nce curvo Cuch as that In

.'igure 3:

I. The slope of tho curve is very stee; to approxAiatel;

the point where V = 10 kcnots. From= thi point on, tho *lope

.-apidly approaches zero as V approichcs !0 knots.

2. The value of I(Z) at V 5 is approxl-atoly one-

half its value at V E0.

3. At V = 0, ?(!:) = 0.35.

4. At V = 33, the slope of the curve la C1030" to

zero. Also, the rstio of P(X) at 7 = 33 to P(.:) at V = 80

equals approximately 0.94. The 1f.ir.ilon of "close" implied

by the foroSoinS statement is .urely subjective. In a "real-

life" anzalyais, this is the cort of d.efinitior. which would

have to be established by the executive for whom the analysis

was being conducted.

W'e are now in a position to state conclusions about

submarine speed capability in terns of those performance

curve characteristics; as stated previously, these conclu-

sions are relative to the input parameter values. "he conclu-

uione discussed below are presented. to illustrate the use of

program output in analysis. They are advanced am bomnj

S lorleal outgrowths of the above curve characteristics.

___________________- _____



Sa. Charactoristic B. arrier potential is moat

son.itive to the speed capability of its cc-ponont submarines

in the ranGo from 0 to 10 knots. In this ranre the rate of

tncrease of potential Is such that, at V = 1q, the barrier has

attained 715 of Its potential. 3y employIng a linear approx-

ination to tho curve over this range, it is evident that the

rough rate-of-Zain in potential Is 0 071/knot. 3y the same

rou•h approximation, the rate-of-Sain ever the remaininS por-

tion of the speed ranse is only 0.004/knot. -he degree of

approximation reprenented by the above procedure is so rough

that the darived ratos can I= be used to Zain a feeling for

the Zoencral behavior of the submarine speed parameter over

its entire range. They eannot be used, for instance, as

:ustification for o3tablish=ent of the optimal level of sub-

=afine speed at 10 knots.

b. Characteristic 2. The conclusion to be derived in

this section Is really Just an extension of the above. How-

ever, it is quite interesting to note that about one-half of

the barrier potential, as a function of submarine speed capa-

bility, is attained at the 5-knot level. By a linear approx-

imation similar to the above, the rate-of-Sain in barrier

potential over this range is approximately 0.10/knot.

a. Characteristic 3. Conclusions hereby derived are

.elated to the barrier parameter of weapon range rather than

=ubmarine speed. Since the speed capability of the barrier

suhmarines was fixed at 0 for the computer run which generated

39



"this P(M), kills of transitin aubrartneg wreo ehlevd only

when the tarGet crossed the barrier within the weapon range

of so-o barrier submarine. A loeical extension or this coniclu-

iaon would tend to -nd'cate that the entire barrier potential

curve of F?1•ure 3 could be raised as some function of Increas-

Ina weapon ranee. The existence and nature of this functional

relationship could be established by utilizing the output from

a series of co=puter -•r.s durinn which barrier subtarine sjeed

was varied over the ranSo of this analysis, while, weapon range

was allowed to 7ary over somo appropriate range. It should

alao be noted..hora that the valne or 3 used In this analysis

has a positivo oefect on the qu&1tita~tive conclisiin-i reached

under Char&cteristics I ,and 2 above.

d. Character1tic 4. This c.hracteristic 1i not one

which =4 to established by the analyst. It is lncu=bent

upon the axscutivo 3ponsorr.nS the analysis to establish the

lovel of barriCr subainirre speed at which the slope of the

curve is wlo~ow to 0. Th1 fixing of that point represents,

in 'the terns of this analysis, a co=proMIse between accept-

able defense potential and the coat of achieving this

potential. An additionas. analysis of submarine cost as a

function of speed capability vozld Greatly assist the executive

in making an effective decision. In terms of the .30-knot

level selected under this curve characteristic, the executive

=i3ht r~ach his decision by the fo2Llovwn reaaonian prcess:

1. At V 30. the barrier submarine has reached 94% of

its potent.ial.
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2. i•(x) 0.49 at this 94; notontial level represents

an acceptable level of defanse.

3. The rate of sa•n of potential fro3 Y = 30 to V = 80

Is 0.0006pcnot (The linear approximation used is fairly good

over this range of the curve).

4. The above rate of gain In potential, when compared

with the incremental Increase In submarine cost over this

speed range, does not represent effilcient expenditure of

defense funds.

5. Therefore, the optimal level of submarine speed

capability should be established at 30 knots.

Choice Between sinrle and ',,Mitinle 3arrior Lines

The res,_l-t of this analysis is interesting. It Indicates

that a more extensive investigation would be desirable than

was possible within the scope of this thesis. The Idea which

prompted this analysis involved an intuit•-•* feeling that opti-

mal geometriO barrier design might be s function.of the detec-

tion capability of its component submarines. The general op-

erational situation being simulated in one in which the

assigned task is to place S sub=8aine barrier across a given

expanse of water, utilizing a given number .of submarine@*

During this analysis," the total nuber of .barrier

submarines and the length of the barrier front were held

constant. All other parameters except deection "range were
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also Invariant, Total computer running ti"e tor this analysis

vas 41 hours. For each value of the detection ranze, a com-

puter run was .'e for each of the three reographic barrier

formations illustrated in Figure 4. The Input parametric

values used In this analysis were as follows:

leneral

L = 2,500 miles t = 30 kn~ts

3 = 10 miles V 8 ft knots

R = 11, 23, 46, 93. '86, 279. & 372 miles.

31~l Lino

I : barrier line ZI = 207 miles

a miles NJ = 12 submarines

Double Line

. 2 barrier lines Z = Z2 322 miles

1 9miles N= X2 = 6 submarinos

12 : 200 miles

3 barrier li1ne Z1 = Z2 = Z3 511 miles

11=t:1• = 100 miles NJ 2 = 1 3=4subarne

12 3 356 miles
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ar~r~jer 70rmatigas

•3ingle Line

Double Line

0 0

0 o I . . o o I o .... I

Triple Line

Figure 4

The output data from twenty-one of the above-described

computer runs Is displayed graphically in Figure 5 on the

following paMe. The variable parameter in this aralysis,

R, was combined with N and L to form a new parameter, q,

where q = 2mR/L. The parameter Q( provides an expression of

that relative detection coverage along the barrier front

which is provided by the barrier sb•bmarlnes. For q = I, the

'ag"reate detection coverage of the barrier submarines Is

exactly equal to the length of the specified barrier front.
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Thareo ,re three characteristics of the curves plotied
in FiSure 5 which ari pertinent:

1. L The 3lopes of the throe curves are essentially

the same up to a point Just short of Q 1.

2. For Q> I, the rate of decrease in slope of the

curve for the s.inle barrier lne Is much greater than the

decrease in slope for the other two curves.

3. The P(M) function for the triple barrier 14-ne is

6reater than that for the double barrier line throtEhcut

their entire ranges.

The number of sample points obtained during this onalysis

is too small to provide for accurate curve fitting and, as a

I eault, for exact definition of the critical points of the

curves In Figure 5. However, within the accuracy limits of

the data, at least two conclusions would seem to be valid.

Comments and conclusions with respect to the above curve

characteristics are set forth below:

a. Characteriatic 1. The defense potentials of single,

double, and triple barrier lines are essentially equal to

approximately the point where q : I "The thesis program pro-

rides for no indication of multiple detections of a sangle

* target by the submarines of any one barrier line. Given an

adequate detection range, it Is likely that rore than one sub-

marine In a single barrier line would detect that same target.
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In view of thin, it would seem idvantagoous to maintzin a
sinele barrier line up to the Pont ;:hro Q = 1, to provide

for oe=o ovorlao In detcct:on areas.

b. Chnracter~stlC 2. 7ho Phh.rp dlvereOnce between

the curve ror the slnSle barrier line and those for the

double an! triple lines 3trornly indi-catcs the use of mul-

tiple barrier lines in cases where Z >!. This Is a roat

IntorestInZ outcome. Intuition does not Jead one to this

conclusion, since the individual stmarine has a much larger

zone to cover In the -ultiple "l.rr lfln.3 and the value of

Sfor the Individual line drops radically.

c. Charactertstic n. •ecauze of the small ruzber of

sa-ple points ta:;cn fcr these cu.rves the comparatively large

variances (3.0022 tc 0 0032) fcr soe of the points, and the

proximity of ua;ple potnts for the two curves, little siSnil-

ficance can te attached to the fact that one curve dominates

another throughout its ranee. This feature would be a worth4

subject for further investigation.

OotalMin e •izoe

As set forth In Chapter II, a run of the computer pro-

$ran which Senerates an element of outpat data Is composed of

three parts. A single play of the Same is a single enemy sub-

marine transit through the barrier; a same unit Is composed of

100 such transits; and a sinale data run may be c#)mposed of

any Siven number of same units. Computer rwns conducted for

___- _ _-__"__- __ :-- .i-•-.:_0-_-• _--Reproduced Prom
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the analyses of this thesis contained 15 Ea,-c units (1,500

transits).

The objective of this a.;lysis war to dcter.:ine the

optimal number of Same unlts ;;hich "u rovIde outpu. data

with acceptable ac'curacy :t a 1". co;nou'er run-

niln time. This analysis is by no means as extensive as It

should be for a complete doterz.tt.:r ef outtut', data accuracy.

In order to do the latter, mush addutput ro:a t...e

cbL-.puter proSranfl would be req'Ar-d, a-nd some attempt should

be made to determine the rtbut1. of the outIut a'ta.

Output distribution zh.ould be '- i,. . w.th rczoct, to

the random number 6encrator: ,n the pr:va. 3-,., 2in anal

ysis i3 beyond the scope of 1ýs13 thesis.

The 6cnoral procedure m4.1.- -az to several com-

puter runs using the same :nput latameters. The "-'-rof

Same units was varied on each run. The data obtained durinr7

that sequence appears in Table 7 cn the following page.

The following features are to be noted in connection

with the data in Table 1:

1. The mean of P(D) rapidly settles on a constant

value, and its variance undergoes a slow, steady increase

over the entire sequence.

2. Over the soquencc of the first four sample sizes,

the means of P(I) and P(K) tend to settle down to a constant

"1alue, and their variances decrease monotonically throuShout
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the sequence.

3. For sample sizes of 25 and -^, "cth the a;•ins and

variances of P(I) and P(K) •ncrca. frc ,n the lev'el rec>• d

at saz-ple size 20.

•umber of P(D) P(I) P(K)

Gaze Units P(D) Variance P(1) _Va i•an ce P -. - r a,-;

5 0.93 0"COI3 0.57 0 0061 3. B ••0

10 0.92 0.0-05 C.5 0. o

15 0.92 0 500Z1 0 .56 0, -' 0.4(7 0 COOiT

20 0.92 0., 00. 0 1' .. .. 27 O L7 n. 32 2

25 0.92 010007 0.57 0.0033 0.1 £3 O4CO2

50 o,.92 O. 003£ O,.58 O,0031 O, L'9 ."C5

Table "

Feature 1 is to be expected fro7 th1e prorz-lm, tho-ý_.h it

violates the intuitive feei-nS that variance should do-r•.ne

witn :.. 4ed sampi . "--e experiencp ' runnrn6

this proeram has indicated that the larSe majority of game-

unit outputs of P(D) Group closely about the mean value, but

occasional output values may deviate from the mean by as much

as 0.10. With the larger sample sizes, more cf these large-

deviate values show up, and there is a slow, larSely insignif-

icant, tendency for the variance to jncrease.

Feature 2 illustrates those statlstlcal characteristAc3
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of output data which wzui be expected with a!ncreasln; sample

size. The selection cf :-• s fo' the tw- o p - n S

analyses was based oa th2s pertion --f the data, It ,.'.a ai'3 d

at the objective of obtair..r. ac,:'.abiy reliable da1C w;,th

minimum running time on the :cmýuter, TI.e probez redu-d to

a selection between saznzo1 c:zez cf , n z, x 0. 2oth cf these

had the saz:e mean and thc: r. .:-,e, were ....... .... -ThC

ultimate selection off sp- 5 , en computer

runni-S time, A Socd ezimate c,f ru.'..:..•' m tie for any 61ven

set or inout data is 4 -e,.r.. t -sd r •- a rn'•..e ter ;a=S

unit. A 12 submarine bar:•-r (;s in cne n f -.. abl;ve z,..z•

analyses) requires !2 m=nu-. r'..,n.i -:j'e or C e zIc ,C

this same barrier requ•-re• .6 .nutes f.r SZle size 20,

Sample size 15 was selected, s-n:e it -•as terey pcssible to

complete 4 rurns during a ror-al e.e hcur crpu;er 4-,.o

Feature 3 represents a Il dsturbln6 trernd.o The

means should not reverse the-ir d-trecuo.n of modaif.'cation, and

the variancea shzuld nct :n crease, wit.h increasing sample sizeo

It is felt that the cause cf -h's -tndency is probably si ha r

to that expressed in the discussion of Feature 1. A complete

analysis of this result wculd require extensive investigation

of the random number Sencrators in the program, and time was

not available for such a project in connection with this

thesis.

The material presented to this point pretty -:ell covers

thi objective of this thestsG to present and exempiIfy the
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use of a co-p-.uter war I in conductin. parametric analyse3

of submarine barrier deszig.n, Hbe.-'r. the author, at least.

is convinced of the basic worth and "Ii.ty of the :b .

pro(ram. It is hoped that this pro.ýrc:ý, or a modification

thercor, may be used In the future fzr ccnr.1uct1n5 a detailed

analysis of barrier para::eters, Therefore, the followinS

chapter is beinS added to cover tie ba'•:- uijiity potentlai

of the thesis program and some of the more important areas

in which it could be ',-roved.
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Chanter V

Comouter Pror-ramn Utl tz :and Imorovements

The comouter war ,ane deve]oped for this thesis has, in

its present form, severalI limitationýs which tend to preclude

its use as a definitive source of data for the parametric

analysis of submarine barrier design, !,,cst of thecc nilta-

tions have either been stated or i1 .- :ed previously. However.

the existence of these riitat'Lons does not imply Lhat valuable

information cannot be derived f-rom the prcoran in tis present

form. The thesis program does pro:vide a means for illum•inat-

ing large-scale effects of parametric sensitivity, and it does

this in an environment in which the large number of variables

virtually prohibits the attalnmeznt of a closed, analytic

qolution to the problem.

The simulation techniques and cuto-ut data of this war

Same do provide sufficient accuracy for basic research in

barrier design. Relative sensitivity of parameters c:an be

established, thereby isolating those areas in which more

definitive analysis will tend to be fruitful. Within rough

llmtz, c.t*l va,!- fD ar••ara.3ters can be established.

The relative worth of various geographic barrier forms can be

established. This would appear to be a major potential use

for the program, since the entry of various barrier forms can

be accomplished easily by the entry cf appropriate parametric

values on the computer console. Providinr careful constderation

were given to the effects of inherent assumptions, the thesis
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pro~ram could be zsed to obtain an estimate of the expected

terformance of any propcsed, epb- 'ear carr-lr, The compouter

scace reserved for the reo-rap'hc plot cf the suh,,arine bar-

rier allows for a maximum front cf .- ly 23,500-

which is far in excess of that ,n any pc'enti..al c.,craiora.

barrier.

While those capabilities do pzc'te a valuable ource oA

information, it would be desirable to improve boýth the realism::

o0f the simulation and the accuracy cf the o,,itput data. Doing

so would provide for a mnch mor de[o;c .. t." ..... rk o"

critical areas; more reliance .&id •- i-l-cc2. cn the c-s Q•Ti

ment of optimal parametric values, a o f-,turcz z4 z':b

marine barrier design could be invesate; and relattvC1:.

accurate testing of propcsed Uperatlcnal barriers could 'r,.

achieved.

The thesis program can be modif"e to achlbc'c -1i ::

It was composed in modular form for this, and other, :purpo.:es,

Most of the desirable elements cf prcoram sophlstlcation can

oe accomplished.by modification of existing modules. The

remainder of this chapter will be devotcd tc a dizscussicn cf

some of the more critical areas In need cf modifi~cation, with

brief general descriptions of procedures by which greater

realism, utility, or acci'vacy could be incorporated into the

program. DiScubbloiA fi Lhs criticali areas is .res.ented

below urder general area-identIf cation headings.
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Barrier 3"b.r ne Int.rceo~on Track

In ••the thesis program, the barrier sub.a r. .. con-

strained to =ove only on a track pairallel t- t-.* ... 'er llne

while attempt-nF an interceoýt.cn cf an enemy •>'--• .. The

affect of this condition on thou.'. in'orc0 -. on •at.I

to minimize interception prC*..'a -'- --- .

tion output data ropresonts-f ch f - cn ;hat

which would be generated in a -:'o.ran not .•:ni:-T. e rhe

ception track constraint, Thil .... c-s..i-' & i

by modification of the -a-.-" -n-a.:•

addition of one simple mattc¢-j :.ode.

The model of Appendix D cc.ld be •cdlfle. - t

ary addition of one new iorar,-'er: i:.1: r•cn-

q rinvre" sI imilar to the curren.. nI. d 3 ed

in terms of the old para ete:rs •id; I:: ep :

By techniques of differential ca::.2u3. V ecul "e

with re •pect to the interseptlon ".rack ;nze. -h1- -.alue

would then be used to determine the ability of the

submarine to effect an inIerce.Dtion.

There is, howe.--- :-• -i'" na! probl.z,. .S.,rce the

barrier submarine would be allowed two-dlmenscnal movement

under this new model, anot'-er rnatheza'ical :o'el wx•uld be re-

quired to ensure that the' barrier submarine did no-- leave Its

assigned zone while making the Interception. -sze: tially,

this model would only have to compate the distance the bar-

rier submarine could move lrom 1ts ,ame nr, rtlon, con the
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optimal interception track, before r'nacning the boundry of

.,4,s asi6r.ed zoneT.he parameter5 reoulred in this mode! are

as follows: length and width of the su'rnarine zone, position

(normally-dIstributed 6ame position-) of t.he barrier submarine

within the zone, and optimal intcr:c.pticn trac angle

Drimensonali.v cf -Si_....' 1+o

Conversion of the the5s ,rcrm a two-dimens•onal

to a three-dimensional sIMUlation culd both increace the

realism .f the output data ar.d n.-v:le rew fields for arhaly-

sis. Theý effect of onvir on..

ran3e could be incorporated in a .:,: n'i ...... m

The incorporation of thr-2c- z:,: on:ilt' w-ould involvo

major changes in the thesis orrar, Co.-o.putcle2ery szacc is

inadequate to allow the entry f-a 5e-'spbicai re-rasentat:ca

of the sub=arine barrier similar to tnow used even If

confined to a two-dimensional plotý Therefore, a system wc*1d

be required wherein the posit2cns and/or movement of Same

elements were expressed in terms of 3.-space ccordinateao The

boundries of detection zone3 would have to be expressed as

3-dimensional mathematical models, a.-A -star'-s between Fame

elements would have to be computed as distan-.es between points

in 3-space. The magnitude of effort involved in such a mcd-

ification makes it an Impracticable undertaklin for a solo

thesis.
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Zvasic:_ Tactc. s by Trarsli:In• ub-arine

An assumption inherent in the prcsent program is that

the transiting submarine has no knowledge of the existencc of

the opposing barrier and takes no evasive action, even after

being fired upon. It goes withouL %ay:nz that this Is unreal-

istic.

One simple Method for eilminatin6 a cubstantial portion

of this. lack of' realism would be to ailow 1.e transiting sub-

marine to Make one evasive chanSe of course for each barrier

line transit. This provision is rez1o.3y oaistic if we

assume that the transitinS au•-r"Ie is "ted to reachln5

an objective on the other side of the barrier and will attemot

to transit each barrier line midway between t:wo adjacent bar-

rier submarines. A fairly simple mathematical zcdel could be

devised to compute the course anile reAuled for the trans-

itin6 submarine to move frcm its ,ositb-rn of inttial detec-

tion to a point mrdway between the two barrier submarines

closest to the projected barrier transit point on the tar6et s

original track. In order to allow for navigational and control

errors on the part of the trsting submarine, the actual

transit point along the barrier should then be computed under

the influence of a probability distribution over the computed

evasion track.

CounterZattaclt by Transitln&22 ubimarine

The extant computer simulation orovtdes for r07 attrition
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of barrier -ubmarinez. This is a >rreal--ýtic

to the extent that a tran-.-t- c - .... u y be -a ex l c tjý

fire defo nsively on opoos nE •- :.mr z -rl:: lrncs ;1' ...

of this feature could be acc-izYi- Dy t'., us-? cf no•,:i

similar to those in the h:• zl ....... -- U on "--e l1-'-.

the barrier submarine z-s u• -_ :-o;:n ,v.• m he 5cc'...;rjc

computer plot for that. nu:ber cf A-"r,•- .......

represent the time required t:, - re-lacement,

Class•! f i! atlc:- .; -- arzl.-er

The realism of,' t•e curr,-c -- .. •.-uti.n .:

iously degraded by the in-erc-.-" :-.- . . "• -, -:--.;

submarines are fair game. o ::.:s .. ac cf rea'n s:: f A

be eliminated by a fairly x nt, se t "c•a "u:c1onaU s.

modification to the pro6ram.

The first requ' ...... t wK*i. b• -c :.e a or: Q "

scheme for selection of the xi;e , -r(nd y cr unfrI -- , -"A

transit for each play .of the game., A "uelezent.d

have to be devised to define thu -ype cf '•ranslt in prc-ress.

One such possL1l~ty is the use of a dcuble 1-blt extractcr

for a friendly transiter and a s*-Sne !-bit for an unfrIendiy

transit&r. The simplest, and fa-rIy realistic, scheme for

determining, during 6ame play, the cla~slflcation perfcrzance

of the detectinG submarine would be to provide for addalicnal

input parameters which wolI, express conditisnal probabilit.es

of correct classification on the part of the barrier -ubmarines.

in addition to the above func.Ior^ sl "
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would have to be made for storage of the following data:

number of friendly transits, number of unfrlendly transits,

correct classifications in each cate~Sry, .nsorrec t class-

*ifications in each category, kills of beth friendly and

unfriendly units.

Dec imal Accuracy of cu'.tnut Data

In the thesis program all output =ean v'alues are rounded

off to the nearest hundredth and a"J -..a•.'ances to Che neaire3t

ten-thousandth. This degree of var:•n.e ac.;uracy "s adequate

for the purpose of establishing relat:;' reliability of outpu-4

data. However, the provision of one :ldlt!cnal dec'roll-place

of accuracy in the computed mean valus "ouid enable more

accurate curve-fitting during analysis of -he cutput data.

Random Nor-al Dev_-a. Generator-.

In this area it would seem desirable to change our pre-..

vious emphasis and advocate a reductizf. in the level of simu-

lation realism i::i order to achieve anc.her worth-while eoal.

The use of a computer routine to generate random normal

deviates, as is done in the theais program, would seem to be

a desirable procedure. However, this routine is used exten-

sively in the program, and It consumer an -ordInate amount

of the total running time for a Siven set of data. In a pro-

gram run which involves 1,500 transits through a barrier

consisting of 12 submarines, 19,500 random deviates are gen-

erated, and their generation takes about 80% of the'" 3-minute
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running time of the nrzrnm Mis n u ..I. .. to 11 -

s3v1 price to pay for what may e a questlonable level of

real Ism.

In the usual pro;iram run ra--..o co trs are usod to

distribute the barrier , zb rineabout ... " "

P Iootions anid to d .tr I*buto the' t:'_nzl, +--z ao". a ,rcn z

dicular to the barrier line. It ::_y -:ol! be that so:;e simpler

probability distribution function (1rnulai, for Instr.nce)

4 would serve just as well for tneso . . ....

reduce the runnin_ time of the .z'o:ro-.y .n a- -'c.abl2 .... ,-

It is also possible t.hat :hn !.....

might be prosramined 4n anoltiher -:'ay -u:c"i.!d -:-olve less

computation time. In the current proram, cv•.. .s are Com-

puted from the follov:inG formula:

u =[-2 1.X)] c(7T2
U t

where (a) U is a random d-evi.te from a C:.1) """"t"l',

tion

"(b) X1 and X2 are r".dom numbers from the uniform

distribution on [0,I).

The in and cos terms in the above formula are computed by

the use of infinite series, wherein 4ost of the time consump-

tion occurs. Other computational schemes might reduce the

computinS time to an acceptable level.

Thus, the simul.tion program of this thesi* s has several

areas of potential improvement. In its prosent form it can
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still be a valluable =nstr-Ument for analysis of the sensitivity

of parameters in a submarine barrier. It also has other allied

capabilities, some of which were covered early in the chapter.

The sample analyses conducted (Chapter IV) illustrate

the ability of this sort of computer war Fame to Illuminate

sensitive areas In barrier des!6r and pr.cvlde a means of

optimizing the effect veness of the submarire barrier. it

does this In a situation involving s-ich a large number of

varlablos that the attainment of closed analytic soluticns

is virtually impossible. it provides a sjstsm for deter-

mining expected performanc'b of a proposed barrier, thereby

possibly providing a means cf detect:n•g an.d correcting large.-

scale desiSn faults prior to. the operatl.cnai use of the bar-

rier. All of these abilities ter.d to promote the efficient

expenditure of defense funds. Even more importantly, it can

provide a means of optimizing the 1evel cf defense Itself,

within the constraints imposed by the availability of re--

sources and the level of extant or extrapcoated technology.

Computer war Sames of this type are thus an essential tool of

modern Operations Research in handling the extreme complexity

of today's military problems.
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Ao2.r.dix A

Effective Detection Ranze Increase i-odel

During that part of the thesis protram which enters the

geographic barrier simulation in computer me=ory, a sequence

of 1-bits, equal to 2R . and centered on the sub.rlne loca-

tion, is inserted in computer memory to simulate the barrier

submarine and the projection of its detection arca on the

barrier line. Since the required projection is one m%
parallel to the transit track, the above ertry Is only vrfld

in the case of a transit made perpendicular to the barrier

line. The lensth of the detection area .roe -tlon must be

increased as a function of transit track antle. If q > O.

detection bits must be added to the r4tht end of the batrrer

simulation entry for each submarine, if (<0. the detection

bits must be added to the left end, The number of bits to be

added is a function of the detectcn ran6e and the track &r:81e

Derivation of the mathematical model used in the computer pro-.

gram to determine the magnitude of the effective increase in

detection range is set forth on the following page.
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Re

Let. Re = Zxtended detct,-on ratt.6o due to

Re = Re(,P R)

Cos( R ,
R Po

Re: R -

iccs
!~

Re co

6¶

SI



ADrendix B

Barrier Transit Point Model

The computer program selects transit starting points

with a uniform probability diatr~bu.-oon over the total lenrth

of the barrier. Normal distribution cf starting points about

the mid-point of the barrier line may be elected by the use of

a Jump key -on the computer console., In e.ther case, this

startinS point is on a ustarting lanel: whiczh is located 6eo-

graphically ahead of the barrier.

The point at which the transitt- subzarine will actuaily

cross the barrier line Is a f.nCtton :,f this starting poInt,

the distance between the "starting !irne" and the barr-ier line,

and the transit track angle. The d;r-vation of the mathemat-

ical model used in the computer program to determine the bar-

rier transit point Is set forth cn the following page. A

similar procedure is used. to e3tablish transit points on

succeeding barrier lines where a mui tiple-lined barrier 'ks

concerned.
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/3tartInS Line

S~S

Let 3 D2star.e cf transzte3f starti-iS point from

the left end of the startir-g line.

T Distance of barrier tar- raint fron left, end

of barrier line.

= Distar.ce a*.cng barrier ".Ine between transit.

point and projection ci transiter's startinln

point on the barrier line.

3 tan(4.')

T = -=S tan( i
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Detectic.. A te !4Madei

in the computer prcgram, detectLion or ncn-detection of

the transiting submarine is determined by extracting a single

Uit position at the transit *point on rhe simulated gec6raphic

plot of the barrier. Mhen a deteat-cn haa occurred, it be-

comes necessary to know the detection ars7 e, " in crder to

determine whether or not the barrier subairine is capable cf

intercepting the target.

At that staSe of 'computer j-o-.slinS- Yherein a detection

has been establishedp the foiiowinS data ha% been generated

and stored: the pcaiticn of eazh bar"r"r' souxarine, the pcInt

at which the .target crosses t.he- barrier, t.he dete'cticn ran.ge?

and the--transit track angle. The posiicrns of all barrier

"-submarines and the trans'it. ;cnt are g.aeraved and stored in

terms of miles from the left end of the barrier line. Both

the distance and direction of the t.ransit ;cInt from the bar-

rier submarine is established mathematically by subtracting

the barrier submarine position fr.om the transit point. The

difference thus determined (Hc" on the follcwing page) repre-

sents the distance desired and the sign of 'this difference

providos directional informatien. The detection angle can be

computed as a function of the above data. Derivation of the

mathematical model used in the computer program for this

purpose is set forth on the follcwinS .aSe.
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Intercect.on Sre,•d Reoxirement ".odel

Once a detection has becn establshed and the detection

angle determined, the ccmpu+er rr-,-ra: -ust next determine

whether or not the barrier 'ubz ~rie -s c.a-able of intercept-

ing the target. This ability -c- i-e:-:pt is a functlcn of-

several variables: speed cf thr t; e:. 3peed capabliity of

the barrier submarine, anrgle weapnr. range, and

transit track anile,. By this .staGe in 'he prcoram,, both ,+oe

detection and tran3it t....k ta.e been cmutedand

stored, and values o f t- rean.u -i-i :obee

entered on the console as ir4u '•;a h-e been sed fr

reference.

The ability of the barrier r•e to effect an inter.

ception is determined In -.he :p . --by zc -ar

speed capability of the barrt.*r b with that speed

which is required to intercept the target. The derivation of

the mathematical model by Which t z- speed requIrezent is com-

puted is set forth on the folc.oing Pa6es.
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1

Let a£ Distance between the point at whi.h tI.e target. is

detected and the point at which it crosses the barrier

line.

b : Distance between the lines of proeqtion on the barrier

line of ý1) the transiting submarinet s point of detec-

tion and (2) the point of intersection of the weapon-

range circle and the tangent (e) to it.

a = Distance between the barrier subnarine and the point

of intersection of the tangent line, e, and the

barrier line.

4 = Distance between the transiter's detection point and

the point of intersection of ths detection angle rY

ane the projection line frou the tangent point on the

ST
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-capo range cirele to the barrier line.

e = Distance- parallel to the translt track, between

the tangent point cn thtne weapon range c~rcle and

the Intersection of "he tancent line with the

barrier line.

In order that the barr-ier 5ubir:rne e _apatle of reaching a

firing position, the following 'zinitZlcn mzust be satisfied:

c/Vr = e/W or vr Z'cir

e = a - B tan(+)

a = R s In(4 )/cos )

a = esin( (R -(P -

d = b/cos(-4) = B cos( )/cos("-)

SR_ sin(-u) B si(sn 0 RB c03( co )

L- . ... cos(4) " [R cos(()c

=j~ -Bsif
2  (a) zs('_q)coe~f -B cos2(rf

• coa(@i)

C- R os(" . 4'-) - B_
cos( ( )
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