UNCLASSIFIED

AD NUMBER

AD804292

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors; Critical Technol ogy; SEP
1966. Ot her requests shall be referred to
Ofice of the Chief of Research and Devel opnent
(Arny), Washington, DC 20310. This docunent
contai ns export-controlled technical data.

AUTHORITY

OCRD, DA Itr, 16 Dec 1969

THISPAGE ISUNCLASSIFIED




<
o<

9

(9]
e

804

A Programming Model for the Design

of Strategic-Deployment Systems

DISTRIBUTION STATEMENT

This document is subject to special report can-
trals ond each trorsmittal ta foreign gavernments
or fareign nationols may be mode only with prior
oppraval of Office of the Chief of Research ond
Development, Hcadguarters, Department of the
Army, Woshingtan, D.C. 20310




THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



DEPARTMENT OF THE ARMY
OFFICE OF THE CHIEF OF RESEARCH AND DEVELGPMENT
WASHINGTON, D.C. 20310

SUBJECT: RAC-TP-211, "A Programming Model for the Design of Strategic-
Deployment Systems"

1. Transmitted herewith for your information and retention is (are)
copy (ccpies) of RAC-TP-211, "A Programming Model for the Design of
Strategic-Deployment Systems."

2. This model was developed in the course of a broad study, begun
in 1964, of the strategic objectives to be sought by the US Army to
enhance furiher the strategic mobility of its forces. The model has 1
been in constant use, and hence changes are occurring rapidly. The final
section indicates the past applications and the csurrent direction of the
model development.

3. Recipients are cautioned to examine and fully comprehend inputs
to the model. It will produce results basically dependent on inputs.
These inputs are based upon representing forces not by organization but
in terms of equivalent gross tonnages broken down into appropriate
categories. There will be considerable variatica in force structure for
different envirorments. Consequently, the equipment for each fcorce and
the gross tonnag:s to be deployed will varv.

FOR THE CHIEF OF RESEARCH AND DEVELOPMENT:

W |

Incl OBERT B. BENNETT
as Colonel, GS
Acting Chief, Human Factors and
Operations Research Division




R T S O G U VOV R DT ac TRl o s TR m i G

LOGISTICS DEPARTMENT
TECHNICAL PAPER RAC-TP-211
Published September 1966

of Strategic-Deployment Systems

i‘
!
A Programming Model for the Design ’
F

by
Lee G. Wentling Jr.
George R. Fitzpatrick
Mary 1. O'Brien
Justin C. Whiton

DISTRIBUTION STATEMENY
This document is subject to speciol report con-
trols and eoch tronsmitrel to foreign governments
or foreign nationols moy be made only with prior
opproval of Office of the Chief of Reseorch and
Development, Heodquorters, Depariment of the
Army, Woshington, D.C. 20310

Y
RESEARCH ANALYSIS CORPORATION

MCLEAN, VIRGINIA

4p

< e - —— e n. e s aver emrmcame e P L AR T T SO B e




L R RN,

FOREWORD

The background for the study effort of which the model described herein
is a vital part was aptly summarized in the following excerpt from the state-
ment of the Secretary of Defense, the Honorable Robert S. McNam:ra,to the
House Armed Services Committee on 29 January 1964:#

Closely related to the general purpose forces are the airlift and sealift forces
required to move them promptly to wherever they might be needed. Included in the air-
lift forces are both MATS [now MAC] transports and the Air Force Tactical Command
troop-carrier aircraft. The sezlift forces include the troop ships, cargo ships, and
tankers operated by the Military Sea Transport Service and the “forward floating bases.”

The requirements for airlift and sealift forces are not susceptible to precise
calculatior..

First, they are subject to most of the same uncertainties which afflict the general
purpose forces—the wide variety of possible contingencies, the uncertainties concerning
the military strength of our opponents, etc.

Second, the quick reaction capability which these forces help to provide can be
achieved in a number of ways: by forward deployment of military forces, by the pre-
positioning of equipment and supplies either on land or in ships, and by the deployment
of both men and equipment from a central reserve in the United States. Each of these
alternatives, and variations of them, has certain advantages and disadvantages. And, as
I pointed out last year, our present program is based on using a combination of these
various methods, but we still have much to learn about the proper balance among them.

The model presented here was developed in the course of a broad study,
begun in 1964, of the strategic-deployment objectives to be sought by the US
Army to enhance further the strategic mobility of its forces. Since the prep-
aration of the draft of this Technical Paper, the model has been developed
further and used extensively in support of aralyses of the requirements for
airlift /sealift forces by the Office of the Assistant Secretary of Defense (Sys-
tems Analysis). Accomplishment of this priority work has unavoidably delayed
final publication of this document.

In addition tothe analysis undertaken with the model since 1964, revisions
of the model and analytical techniques continue in order to provide the sophis-
tication required in the broad deployment analyses that are being made. Past
applications and the current direction that model development is taking aze
indicated in the final section of the paper, which deals with applications znd
extensions.

Lee S. Stoneback
Head, Logistics Department

*R. S. McNamara, Secretary of Defense, “Hearings on Military Posture and H. R.
9637, before US Congress, House Committee on Armed Services (88th Congress, 2d
Scssion) in J. H. McBride and J. I. H. Eales, Military Posture: Fourteen Issues before
Congress, 1964, Center for Strategic Studies, Georgetown Univercity, Washington, D.C.,
1964.
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ABSTRACT

This paper describes a mathematical model developed by the Research Anslysis
Corporation for the analysis of strategic-deployment problems. The unique character-
istic of the mode! is that it addresses the requirements of a set of contingencies in
various parts of the globe simultaneously rather than those of any single or so-called
“worst” ~ase.

The model consists of a set of linear equations and inequalities that represent (or
approximate) the deployment requirements of the set of contingencies and the capabili-
ties and costs of a wide variety of deployment system components-—aircraft, ships, and
prepositioning sites. Using linear programming the set of equations is solved to pro-
duce the least-cost deployment system; i.e., the mix of components that is capable of
meeting, at least cost, any of the set of requirements.

Following an introduction that prcvides a background and rationale for the devel-
opmant of the model, a general description of the inputs required and the outputs pro~
vided is given. The type of problem the model addresses is illustrated by a simple.
example.

The next two sections provide for the more technically oriented reader a detailed
formulation of the model for a sampie problem and an illustration and d’scussion of the
computer s»nlution to the problem. Also provided is an analysis of the sensitivity of the
resul(s to the assumptions and other inputs used and a descrintion of the kinds of sensi-
tivity analyses availab'e.

The paper conc'udes with a brief section ouf.ining applications to the analysis of
8' rategic-deploymen. problems, and possible extensions of the model.




INTRODUCTION

PURFOSE

The purpose of this paper is to describe a linear programming mode! for
the design of strategic-deployment systems that carry out global-deploynient
strategies while conforming to a given deployment-system policy. These terms
wil! be defined in greater detail luter in the paper but are introduced here to
facilitate the ensuing discussion. In brief the strategy referred to is a com-
prehensive plan that specifies the level of strategic-deployment capability to
be attained in each world 2rea of potential US military involvement; the policy
defines the allowable means by which the capability may be achieved; and the
system is a collectior of vehicles, bases, equipment stocks, and associated
facilities whose primary function is to provide a capability to deploy military
forces in overseas areas.

The model is a mathematical representation of the strategic-deployment
system by a set cf linear equations and inequalities whose terms include vari-
ables corresponding to the components of the system. By means of linear pro-
gramming the set of expressions is solved by determining values of the variables
such that the cost of the deployment system {5 minimized.

BACKGROUND

To further national objectives the US has, through treaties and otherwise,
incurred military commitments around the world. To meet these commitments
the US must maintain the capability to deploy its forces to virtually any area
of the vorld. How best to provide the necessary strategic mobility is and will
continue to be one of the major problems confronting the Army and the Depart-
ment of Defense as a whole.

The primary concern of strategic mcodility is speed. 1lf speed were not at
issue, there would hardly be a problem because a massive lift capability con-
sisting of conventional cargo shipning is under effective US control. Several
weeks or more may elapse, however, between the outbreak of wur and the time
when forces deployed by ship can close with the enemy in the otjective area.
This proolem is acute in many areas in which the US has vital interests. In
fact the interval between the decision to deploy forces and the time when de-
ployment by means of conventional sealift pipeline can be established defines
the critical period of possible future limited wars. If no response is made
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during this critical period, the military situation may well deterjorate, espe-
cially in underdeveloped areas having little capability for self-defense. In the
remainder of this paper, attention is confined to each area’s critical period,
which ends with the establishment of a conventiona! sealift pipeline.

Although there is general agreement in principle about the military and
deterrent value of rapid deployment, determination of the appropriate level is
quite another matter. For each potential conflict area the questions of force
size and deplcyment speed are difficult to answer. Since the threat is uncertain,
there is no unique requirement in each area, and a wide range of response level
in the critical period may be generally ccnsistent with overall US cbjectives.
The war may still be won even if the area is initially lost and must be retaken.
Such a war, however, might be a great deal more costly than one in which rapid
deployment permitted early stabilization and counterattack. The critical-period
depioyment capability corresponding to these extremes might range from no
capability to the capability for the deployment of several divisions. Unfortunately
the military value and the dollar cost of any deployment system appear to be
incommensurable in any generally acceptable terms.

Somewhat more fortunate is the fact that the problem of how much to de-
ploy can be studied independently of the problem ci how to deploy it. The mili-
tary value of the capability to follow a particular force-closure schedule is
largely independent of the means by whicl: those forces arrive in the objective
area. Similarly, if a set of force-closure schedules for each potential contingency
of interest is given, it is not necessary to know the military value of that stra-
tegy to select good deployment-system policies aud efficient deployment sys-
tems. It is necessary, of course, to have the capacity to determine readily
appropriate policies and systems for the complation of a wide variety of al-
ternative global-deployment strategic« The uldimate goal is the selection of
a global-deployment strategy and 2 deplcymert-sysitem poiicy. These will
imply the corresponding strategic-deployment system. That selection will
invoive an analysis that at least implicitly riakes the military value of the stra-
tegy commensurate with the cost of the deployment system required to carry
it out.

This paper is restricted to the development of a technique to facilitate
the study of deployment-system policies and the design of deployment systems.
Gi.cn a specific deployment strategy (set of requirements) and a policy {set of
allowable components) one is still faced with the faci that there are many de-
ployment systems that can support the strategy selected. In order to avoid a
hopeless morass of additional variabililv, a technique must be available to gen-
erate consistent deployment systems for given combinations of deployment
strategy and deployment-system palicy. This function is performed by the
linear-programming model described in this paper. The model guarantees
the meeting of the force-closure scihedul= for each area as specified in the
strategy, observes the restrictions esiablished in the policy, and produces
specifications for the deployment systems that minimize cost.* Minimum

*In general, the model will produce one set of specifications from the many pos~
sible combinations of optima, or least-cost systems. The model will specify a single

minimum-~-cost system under the constraints impozed. In practice the system is usually
not urigue.
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system cost is the criterion invokedto select a single system from among those
that are feasible, i.e., capable of meeting the demands of the deployment strategy
within the policy restrictions. Notice that minimum cost is the criterion for the
selection among deployment systems; it is not the criterion for selection of a
global-deployment strategy or a deployment-system policy. As poiated out
earlier the latter selection involves the comparison of military value and
deployment-system cost and could well result in a comparatively high-cost
deployment system if the resulting military value were also high.

In the following sections a general description of the model will be given
in terms of its input requirements and its final output. Considerable attention
will be given to representation of deployment strategies and system policies
in a form appropriate for input to the model. The detailed formulation and some
possible applications will then be illustrated by means of examples. Finally,
several appiications ard additional formulations will be discussed.
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GENERAL DESCRIPTION OF THE MODEL

INTRODUCTION

In the previous section the deployment model was discussed in terms of
its relation to the general investigation of strategic deployment. As stated, the
objective of the model is to produce specifications for a least-cost deployment
system to carry out a global-deplcyment strategy while conforming to a given
system policy. In this section the mcdel will be described in terms of its re-
quired input and final output. In the process, detailed definitions will be given
of the general termiuology previously introduced. Consideration of the structure
of the model will be deferred until the terminology, the function, and the purpose
of the model are established.

Figure 1 illustrates diagrammatically the model, the required inputs, and
the outputs. By means of linear mathematical relations the model represents

Deployment
strategy N
Specifications for optimal
System -l - deployment system
pelicy w
(7
System- o
component dota 1 E Generalized
deployment plans
Cost
dato "

Fig. 1—Mode! input and Output

buth the process of acquiring a deployment system and the actual deployment
operations to each of several contingency areas in order to ensure that the re-
sulting system is capable of meeting the objectives. At the same time the model
is keeping track of the cost of the system that is being acquired so that its cost
can be minimized. Each of the indicated classes of input and output data is
described in detail in this section.

MODEL INPUTS

The discussion here is in general terms and is not intended to detail the
numerical values requirad to produce a particular system design. The intention
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is to identify the various classes of data required and to indicate the nature of
the preparations that are involved in any meaningful application of the model.
These classes of data relate to a statement of requirements to be met, aliowable
design approach, compunent technical data, and component costs.

Global-Deployment Strategies

Formulat:on of a global-deployment strategy begins with the identification
of the areas of the world where the US has military commitments. For each
contingency a skeleton scenario is constructed in which the threat and the
forces to counter it are estimated in conformance with a strategy that calls
for a desired level of response. This strategy may be one of early stalemate
and counterattack 1 which the intention is to snuff out the war before it really
achieves major proportions, or it may call for a perimeter defense of a re-
stricted area from which a much later counterattack will be launched. inter-
mediate variations are of course possible. Within the framework of the model,
each avea must be considered on its own merits in view of the wide variation
in threat, terrain, indigenous forces, etc., that may be expected to characterize
disperses areas of the globe. Western Europe and Southeast Asia represent
extremes to be considered in attempting to design a deployment system that
will function well in divergent environments. In effect, if a single system is
to be developed, it must cover the full spectrum of contingencies that may occur.
An appropriate strategy will include contingencies selected to cover this spectrum
with regard to environment, threat, and geographical distribution. Geographical
distribution is especially important if the possibility of establishing forward
depots for prestocked equipment is to be considered. Although the general de-
ployment strategy is inteinded to be exhaustive, its representation in terms of
skeleton scenarios must be restricted to a set of typical contingencies.

In view of the variety of conditions that may be enccuntered, it is not
considered reasonable to select a deployment system on the basis of a single
contingency. In general there may be 1.0 single worst case that will imply the
desired capability in all areas of the globe, and one cannot be sure of approach-
ing the maximum economy in the system design when only one contingency is
considered. The alternative components available for the construction of de-
ployment systems vary vwidely in cost and scope of coverage, so that a true
concept of a least-cost system based on the consideration of a single contingency
cannot be attained. Further, the variability in the magnitude and timing of the
deployment of forces to diverse areas make the assurance of adequacy in all
cases highly dubious. Therefore it is considered preferable to begin with a
set of contingencies having at least one representative from each geographical
area to be covered by any deployment system. This procedure will also result
in the inclusion of various environments and degrees of sophistication of the
enemy that is to be faced. A requirement expressed in these terms provides
the most appropriate centext in which to evaluate alternative deployment-system
policies and the deployment systems necessary to meet those requirements.

Representation of Forces in the Model. In establishing the force require-
ment for each area, the types of organization to be employed will probably be
chosen. However, the model has been formulated to represent forces nc: by
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organization but in terms of equivalent gross tonnage broken down into appro-
priate categories.* There will be considerable variation in the structure of
the forces required in different environments. An armored division would be
of doubtful value in the jungle areas of Southeast Asia but could be valuable in
the Middle East. The variation of force structure and size with area will result
in variations in overall force weight and in the nature of the equipment that
makes up the total tonnage. The transport vehicles in the deployment system
are not uniformly capable of handling or lifting all types of Army equipment in
an initial deployment. This fact provides the primary basis for the decomposi-
tion of the total tonnage of a force into meaningful categories with respect to
the deployment system. The form of the system in the model is sensitive to
the weight and equipment structure of the force to be deployed but not to its
organizational structure. The organizational structure of the forces to be de-
ployed is not completely lost in the model formulation, since the deployment
time phasing is also represented, as are the sites of prepositioned supplies
and materiel and, implicitly, origins of materiel within the CONUS. Organi-
zational integrity is retained at least with regard to subdivisions of the overall
critical period. The primury restriction that requires classification of the
overall force tonnage will be that made necessary by the transport aircraft that
will be considered in the problem. Another category might be desired on the
basis that some of the equipment of the force to be deployed must of necessity
be based on the CONUS, i.e., it will not be allowable to prestock this category
in a forward base.

Basically, the force to be deployed to each contingency area represented
in the model is originally defined in terms of its organization (type and number
of divisions and support forces). An analysis is then made to determine the
composition of the equipment of that force in terms of the relative tonnages
that are transportable by the vehicles in the list of those available. The model
allows categorization by classes of materiel size. Two classes will usually suf-
fice if some reasonable approximations are employed. (These two classes, out-
size, or O, and regular, or R, are further discussed in later subsections “Trans-
port Vehicle Productivity” and “Tableau Detail.”) By this means the iorce to
be deployed in each area is converted to an equivalent total tonnage, which is
broken down into categories or classes on the basis of transportability. This
tonnage is then required to be deployed in accordance with the schedule set up
for each area.

Deployment Time Phasing. The deployment requirement in each area is
defined through the critical period that ends with the establishment of a con-
ventional sealift. This sealift is presumed capable of picking up the burden of
resupply and any increase in deployment rate that is desired over and above
the continuing capabilities of the rapid-deployment system that has been func-
tioning in the critical period. The length of this period is primarily a function
of the geographical location of the area and will vary from one area to another.
The end of the critical period is not a natural period with respect to the tactics
employid in the area and does not define a tactical phase in the military strategy

“This is not an inherent limitation of the model. Specific organizations are not
explicitly denoted, primarily because of the detail that would be required and the con-
sequent enlargement of problem size.
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for the area. The force-closure schedule will presumably extend well past the
end of the critical period. The plan of force deployment will change radically
with the introduction of coaventional sealift; however, no consideraticn of the
deployment plan after the critical period is included in the model.

The force-closure schedule demanded by the military tactics employed
in an area is independent of the natural phasing capability of the various avail-
able means of deployment. In the interest of accurately representing relative
component capabilities it is desirable to construct a deployment schedule that
is a natural result of the deployment-system component characteristics and at
the same time is consistent with the tactical force-closure schedule. Figure 2
illustrates the distinction between the tactical schedule and the deployment
schedule. The tactical force-closure schedule shown in the dotted line is a
reflection of the overall strategy as applied to the specific area; the solid line
indicates the deployment schedule fitted to the tactical schedule so that no

Force-deployment

|

. |
it |

schedule

o N |
u |
& \Tacticul |
L I force-closure |
. schedule ,

| l

| I

| i

D Floatirg High-spead Conventional
depot ship seolift

TiME OF FORCE CLOSURE

Fig. 2—Critical Period of Typical Tactical and Deployment Schedules

shortfalls ex:st. The deployment schedule may at times 2xceed the reqvire-
ments, but this is because the deployment will normally proceed at a uniform
rate over the intervals shown, to minimize demands on the terminal facilities
in the area. Both the tactical and the deployment scnedule are specified in
terms of the closure of forces in the objective area, to represent the total de-
lay involved in the various modes of delivery available in the design of the sys-
tem. If, for example, the objective area is well removed from the seaports,
more time must be allowed for transportation over the land lines of communi-
cation (LOC) than for the delivery of equipment by an aircraft that can land at
nearby forward airfields. This scheduling puts the competing modes of delivery
into a context that permits valid comparisons.

The overall strategy is applied to the development of the tactical schedule
in the individual area and is reflected in the level of response to be made during
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the critical period. Thus in a given problem formulation the level of response
will be consistent for all theaters. For a given area the level of response will
be defined by the tactical force-closure schedule in terms of its maximum value
and its shape. The time scale wili not vary as a function of the strategy, since
its length and division points are definea by the characteristics of the available
system components and are independent of the strategy employed.

The subdivisions indicated on the time scale of Fig. 2 result from the fact
that some of the system components that may appear in the optimal-deployment
system cannot contribute to the deployment schedule until a later time than others.
For example, high-speed ships may be effective substantially in advance of con-
ventional sealift but not during the first two weeks because of LOC time require-
ments as well as the normal loading, steaming, and off - loading times. If forward
floating depots are employed, they may precede high-speed ships but are still
subject to the same delays and constraints, and account f them must be taken
in the model. Thus although many alternatives may he available for the delivery
of forces during the critical period, they are not uniformly effective throughout
this period and must be defined with respect to their capability to cover the
tactical force-closure-requirerent schedule. With the subdivisions of the crit-
ical period defined as described, the model incorporates a three-segment linear
deployment function fitted to various tactical-force-closure schedules. The
overall length of the time scale and the location of the subdivision points are
unique to an area and must be defined for each area. The net result of the fitting
process is the statement of the cumulative tonnage that must be deployed at each
subdivision point of the time scale and at the end of the overall critical period.

Deployment-System Policies

A deployment-system policy is a general statement of the ground rules
to be observed in the design of a deployment system. It provides for the form-
ulation of the restraints to be observed in defining the system. The following
paragraphs define “system” and “policy” in some detail and discuss the context
in which the deployment system is designed.

Definition of a Deployment System. A deployment system is a collection
of transport vehicles, equipment stocks, forward bases, and associated facilities
whose primary function is to provide a capability for the rapid strategic deploy-
ment of US forces. The systems of interest are those capable of meeting the
requirements of any of a set of contingencies in various parts of the world. For
the purposes of this paper the requirements that the systems must meet ace
those existing prior 10 the time at which forces can be delivered by conventional
sealift, including the time required for sealifted forces to be moved from ports
or beaches to the battle area.®* Allowable components of the deployment system,
hence, are those that can contribute to meeting the requirements during this
early or critical period. The length of the critical period, which is primarily
a function of distance, may vary from one contingency area to another.

Definition of the Deployment-Sysiem Folicv. In the defirition of a deploy-
inent system the components mentioned were considered without restrictions

*Using the cstablishment of conventional sealift as a peint in time in determining
deployment requirements is arbitrary. Conventional sealift can be included in such a
mode! as described here, if desired.
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except with regard to their ability to meet requirements during the critical
period. It is the function of the system policy to further delimit the use of
allowable components and to identify the options that are considered available
in the design of a particular system. The policy adopted will deal with and be
reflected in restrictions that applv to the time frame of interest, transition or
interim requirements, transport vehicle options, prepositioning options, and
terminal facility options. It is desirable, in formulatir.g the model, to include
a broad range of options concerning these restrictions or groand rules and to
rely on parameter adjustments to modify the mode! to represent a particular
policy. In many cases the relevant parameters may be varied continuously so
as to run through a complete range of relatad policies or strategies. The major
categories of policy restrictions are as follows:

Time frame. The time frame in which systems will b operational will
determine the components that can be considirred available for inclusion in the
deployment system. Normally the model will be employed to investigate systems
with a capability greater than that of an existing system. Creation of an improved
system can require time for the development and acquisition of new items, for
the production of additional quantities of existing items, or for some other pur-
pose. A time limit must be set for achieving the necessary capability, therefore,
to ensure that a valid set of competing system components is considered.

Interim requirements and transition policy. In making the transition from
the current system to a new system of greater capability, there may be an in-
terim pericd in which the system capability is not stated in the deployment stra-
tegy. The strategy may specify goals for the new system but say nothing about
the capabiliiy to be maintained along the way. The least-cost system configura-
tion as ultimately defined by the model may include components that are not
currently in existence and may call for the rctirement of certain components
of the existing system. Presumably sowe minimum interim capability is to be
maintained during any transition that is required.

Transport vehicle options. A major element in the definition of a system
policy is the determination of the kinds of vehicle that will be permitted to com-
pete for inclusion in the least-cost deployment system. As indicated before,
the time frame selected determines the vehicles that can be available. However,
further restrictions may be desired. It may be of interest, for example, to ex-
amine the implications of th:: exclusion of one cr more of the vehicle options as
a means of investigating zlternative system policies. Conversely it may L2
desirable for some reason to require the inclusion of certain components with-
out regard to their relative economic merit. The model can be structured to
permit the introduction, when desired, of various constraints on the available
options.

Prepositioning options. Another major element in the definition of system
policy is the specification of the allowable prepositioning posture. The extremes
are the complete elimination of the prepositioning and the removal of all re-
strictions with regard to type, amount, and locatiou. In*ermediate policies
may include restrictioa of the classes of tonnage, restriction of the type to
shore based only or floating base only, and restrictions as to the number and
location of the forward bases. In order to specify all the alternative routes
available to the transport vehicles in the system, it is necessary in the defini-
ticn of the policy to specify the allowable base locations. It does not follow that
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all the base options will be employed in the least-cost system, but when multiple *
contingencies are involved it is usualiy difficult to determine in advance those
that will be selected. Since each prepositioning site is a separate system com-
ponent a certain amount of discretion in the number of possible bases is required
to prevent the size of the model from getting out of hand.

Retention posture. For all components of the system the question of the
cost of inherited assets vs that of new comporents must be considered. In the
model this question must be arswered in terms of cost and productivity. Ob-
viously an equally productive inherited asset will be preferable to a new com-
ponent that must be purchased. Care must therefcre be exercised in the defini-
tion of systcms during various time periods, from current through transition
to the final system, in stating what the system costs are and how they are shared
betweeu inherited assets and new materiel.

Terminal and special facility options. An aspect of system policy second-
ary with respect to cost but very important with respect to a genuine deployment
capability 1s the problem of terminal and LOC capacity in the individual contin-
gency area. Consideration must be given to deployment restrictions that may
result from inadequate airfield, port, and intratheater transportation facilities.
This problem is important in the consideration of strategies calling for a high-
level response during the critical period. 1t is desirable to include provisions
in the deployment model for the accounting of terminal and LOC capacity used
by each system.

Numerous techniques may include this accounting. One is to consider the
available capacity in each area as an environmertal restriction. This approach
has inherent difficulties, 2s when a given strategy cannot be implemented be-
cause terminal limitaticns rerder the deploym«.:t infeasibie with any allowable
combination of system components. I'1adequacies in a single area among sa2v-
eral in the model may prevent 3 {2asible solution.* The model demands de-
ployment fexsibility in every area invluded and in a time-phased manner. A
more serious problem in trying to observe existing terminal-capacity restric-
tions is that a system design of artifically high cost, compared with one in which
augmentation of capacity is prrmitted, may result.

An alternative approach is to admit facility augmentatiors as components
of the system. The addition of facilities in contingency areas 'vould have status
within the model comparable to that of forward-base constructimm. These com-
ponents would be added to the system on a schedule consistent w.ith the pro-
curement and construction of other additional system component:. The model
formulation can be arranged to keep track of utilization of existing faciiities
and any required facility augmentation. Cost is assessed only for the excess
above existing capacity required in each area. In this fashion the terminal-
facility requirements are an integral part of the system design and exert an
influence on the design in proportion to their relative cost.

A third approach is to ignore the terminai and special-facility problem
within the model and to determine the facility requirements implied ty each
design produced. In any event the status and options with regard to fucility
requirements must be established within each system-policy alternative.

*A “feasible” solution is a possible combination of systems that will solve the
deployment problem as stated, regardless of cost; when no such combination of systems
is possible, solution of the problem as stated is “infeasible.”

[
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Equivalent consideration must be given to any specialized facilities required
in the utilization of other system components.

Summary. A virtually unlimited number of distinct system policies can
be formulated by the selection of alternatives among the classes of restrictions
discussed above. The model formulation has relations within its structure for
the representation of each of these classes of restriction. In the formulation
of a specific system policy, a position must be taken with regard to each type
of restriction.

Establishment of the System Design Context. The object of defining the
system policy is to establish an appropriate context for the consideration of
alternative deployment systems to implement a global deployment strategy.

The stage is set in terms of what the system must accomplish and in terms

¢* the options available to the system designer. Within this context, infinite
variety remains for the design of a :ipecific system that will meet the deploy-
ment requirements in each area while observing all of the restrictions laid

down in the system p.licy. With sufficient effort in setting the framework of

the options and reasonable assumptions, the designing of the deployment system
can be turned over to the linear-programming model. The objective employed

in the present model is the minimization of deployment-system cost. This in

no way restricts the cptions available at the higher or policy-making level but
merely provides for the efficient implementation of any strategy-policy combi-
nation of interest and determines the corresponding implernentation cost. As
discussed earlier, an analysis at a higher level is still required to seiect the
strategy and policy. Much can be learned about what constitutes an economically
desirabie system-design policy by a parametric investigation that is essentially
independent of the strategy or deployment leve! that may be chosen. The de-
ployment level may be treated as an independent variable and varied nver a
significant range. A good system policy will remain so over a wide range of
variation, as will the composition (but not the size) ¢f a good deployment system.
That is, the direction to go in the development of strategic deployment capabiiity
¢ may be determined to a large ~xtent independent of the strategy to be implemented.
L Vulnerability. Divergent risks are inherent in the application of such
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diverse system components as long-haul airlift and the depende:ice on shore-
based prepositioned equipment. Each component that niay be considered for
amployment in the system. will operate in a somewhat differeut environment
and will be vulnerable in varying degrees, depending on the routes and the
sophistication of the enemy. An element of military valve is, of course, the
relative security and dependability of the overall system. The ranking of the
various system components will vary with the area in which they are used.
There are at least two ways to account for vulnerability in attempting to
construct systems of equal military effectiveness: ceriain components may be
rostricted from use in particular ai2as, or attrition may be assessed explicitly
within the model. The latter approuach is preferable in the sense th:t a vulner-
able component would be driven out of the solution because of the economic im-
pact of the heavy losses to be expected. This approach increases the data-
preparation effort considerably and is a function of estimates of the relative
vulnerability of various components in a wide variety of environments. An
additional difficulty is that the resulting vulnerability of a particular system
selection will depend on the subsequent enemy response in each area. It is
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therefore cons:ie.ed a major problem in a model of this type to reflect ade-
Juately and accurately the relative vulnerability of system-component options.
If desired, however, the mechanism for including operational attrition is avail-
able within the model, although this has not been consilered in applications up
to this time.

It must be recognized that all systems will encounter operational degrada-
tion, and so long as there is no reliable means for distinguishing among alterna-
tive systems within the confines of a single system policv, there is no strong
requirement to attempt vulnerability assessment within the model. It may of
course be possible to recognize degrees of overall systein vulnerability between
alternative systems and system policies. A generally valid principle, however,
is that the greater the variety of available means for dep.oyment the greater
the enemy’s problem in effectively countering the system. (¥or this reason
the presentation of alternative optima, or alternative least-cost solutions, may
be useful in system planning.) A single-mode system might be disastrously
vulnerable. A multimode system may be degraded but still be able to support
the general objectives in each area.

The preceding discussion has concentrated primarily on the question of
operational vulnerability during wartime deployment activity. Another concern
is of course the relative peacetime security of the various components. The
practicc of shore-based prepositioning is often cited as a high-risk option sub-
ject to other drawbacks as well. To a large degree ti.c attendant risks of prepo-
sitioning can be reduced to an acceptable level by appropriate selection of base
sites and by other security measures. The point to be made is that the achieve-
ment of this level of security can be obtained only at a cost that must be charge ]
to that option if it is to be included in tiic system. In general the costing of a
component is designed to include the attendant cost of rendering it ronghly equal
in acceptability or in consistency of assumptions to ail other available components.

Flexibility. Another criticism of varicas rossible srstem compenents is
their alleged lack =f flexibility. In the apprcach tai.en here the question of sys-
tem flexibility is transferred from the compoaent to the system policy and more
directly to the formulation of the overall deployment strategy. Although a single
instance of equipment prepositioning in 2 single base is primarily restricted
to local application as contrasted with the global capability of intercontinental
transport aircraft, a widely dispersed collection of prepositioning bases cannot
be said to Lick flexibility in the geographical sense. The feasible system de-
signs permitted under the policy and strategy requirements are by definition
as flexible as the strategy itself. The model formulation can permit the dupli-
cation of any components \e.g., prepositioned materiel) that are geographically
restricted, shoulc those componeats v strongly compelled for reasons of economy
to enter the model solution for the least-cost system. Flexibility {0 accommaeodate
multiple contingencies may alsc be demanded of a system. A hypothetical system
relying to a considerable extent on essentially unlimited prepositioned equipment
stocks might well prove to have superior flexibility in this sense, as compared
with a system based on a centralized system located ex-lusively in the CONUS.

It is considered that these facets of the problem are covered in the analysis
preliminary to application of the model aind do not constitute an issue with respect
to the individual system components.
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C System-Component Data

Exclusive of costs, the primary dJdata required are transport-vehicle peo-

ductivities and the terminal-facility requirements. A particular type of vehicle

3 may be used in a variety of modes during area deployment operations, and mea-
sures of its productivity in these modes must be evaluated. Each of these data
categories is discussed below.

Transport-Vehicle Productivity. In representing trarsport-vehicle utiliza-
tion in the model, distinctions are made with regard to area, time phase, route,
and class of tonnage* transported. The productivity of a lift vehicle is a function
of all these factors, as well as of vehicle characteristics such as range and speed,
and a distinct productivity ineasure is regquired for each combination that defines
an allowable vcuicle utilization. In the muidel, deployment bookkeeping is carried
out in terms of a standard unit of tonuage (usually a kiloton). For this reason
the naturai measure of productivity is the number of vehicles required for the
delivery of a unit of tonnage. This number is determined for each allowable
vehicle utilization and is the reciprocal of the usual measure of productivity,
since it has units of vehicles per kiloton.

In determining vehicle productivity over a specific route it is important
to establish the actual numker of days available to the vehicie for delivery op-
erations during the overall length of the time phase being considered. For ex-
ample, in the initial time phase in an area one must work backward from the
end of the phase with respect to the last item from the last vehicle or vehicle
sortie. If the vehicle is a heavy transport aircraft requiring an airficeld with
high-strergth runways and such {ields are only in rear areas, two or three
additional travel days may be required to reach the objective area. In assess-
ing the productivity of this aircraft in the first phase, these additional travel
days must be deducted from the available working days to determine the nurmber
of aircraft required to deliver a mnit of tonnage that can be closed within ti.e
time limits for thit phase. Days Jdeducted from the first phase are availabie
for application to the productivity it ihe next phase, but a similar cutoff time
allowance must be made with respert to the end f each phase. In this fasl @
the relutive airfield capabilities of various aircraft may be represented. An
aircraft that can utilize forward airiields and reduce subsequent travel time
gets credit for some additional working days in the 2valuation of its productivity.
Similar considerations apply to each time phase and to each type of lift vehicle.
€aips are particularly restricted in this regard, since an vaioading allovance
must be included in the time deduction in :ddition to the LOC time.

No consideration will be given here to the actual means for the computa-
tion of the number of vehicles required to deliver a unit of tonnage over a
given route in a specified time. It may be as simple as determining the payload
of a ship that cannot recycle, or it may be quite complex, as in the case of air-
craft that may be able to cycle several times #':ring the availublc working time.

*Cluss of tonnage is of particular concern Jor aireraft, where sotac items are 100
large, or outsize, for certain aircrait. Other areraft exhibit different productivities
for regular and outsize items; these tornage types, classes R and O, respectively, are
treated ui» distinct types in the model
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hicle productivities are merely part of the required input. It is worth mentioning,
howeve1, that the productivity evaluations made bv the model constitute a more
accurate representation of the relative strategic-deploy ment rapabilities of
vehicles than simple ton-mile evaluation does. This is particular - true of air-

, craft, since the effects of airfield capability, range, speed, payload, and fuselage
% width are all accounted for explicitly. Ton-mile capability evaivuation can be
;’;gf‘
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g? Methods tor generating these data are available, including some very sophisti- 3
% cated aircraft loading and cycling models. For the purposes of this paper, ve-

quite misleading in the strategic-deployment context.
Terminal Facility Requirements. The discussion here is restricted to

facilities that are shared by two or more system components. It is reasonable

%ﬁ” to consider three classes of terminal facilities in each area: airfield capacity,
port or beach capacity, and a generalized LOC capacity. If the aircraft consid-
g‘ ered in the problem have varying airfield requirements, it will be desirable to
[ split airfield capacity into forward-field capacity and heavy-field capacity in

4 accordance with aircraft capabilities. In defining port and LOC capacity the

?f} appropriate measure is kilotons per day off-loading and port clearance capacity.
Airfield capacity is more appropriately measured in terms of sorties per day,
& since payload variation among distinct types of aircraft is considerable, and

; capacity of an airfield is more directly related to the number of takeoffs and

2 landings to be accommodated than to the tonnage involved. Tonnage delivered

by air to rear-area fields of course generates LOC requirements as well as
airfield-capacity requirements. In the model the required augmentation may
be determined by accounting for the facility requirements gencrated by each
mode of vehicle use and balancing them against the available capacity.

In general it is probably sufficient to assume when formulating the model
that trooplift capacity is adequate by virtue of the Civil Reserve Air Fleet (CRAF)
augmentation available to supplement the trooplift capacity of the transport air-
craft and ships. No explicit trooplift activities appear in the model discussed
in this paper. The implications of trooplift requirements could be accounted
for, however, by including in the facility requirements for the deployment of
equipment the concomitant requirements for troop airlift sorties to provide
the troops that will marry up with their equipment in the area. It is thus pos-
sible for equipment delivered by ship to generate a corresponding airfield ca-
pacity requirement in addition to that for port and LOC capacity.

-

System-Component-Cost Data

The activities represented in the model fall into two distinct categories:

. those that relate to the acquisition and maintenance of the system itself and
those that specify the utilization of the system in responding to each contingency
covered in the global deployment strategy. Cost considerations are restricted
{u ine peacetime system costs over a specified period of time. These costs
will domirate any short-term incremental operating costs associated with a
contingency that might occur during the costing interval. An atterapt to assess
deployment operation costs would lead to a siring of untenable assumptions as
to the number of wars expected to occur in the costing period and the equipment
requirements to replace wartime losses. It does not appear profitable to be-
come involved in analyses of this typec. The purpose of the foliowing discussion
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is to indicate some of the general principles and assumptions applied in treating
5ystem costs within the mod=l. There is no attempt to consider the details of
cost-estimation techniques or even to establish an appropriate costing period.
These details will depend on the requirements of the user.

Proportionaiity Assumption. It is a requirement of the model that the
cost of each system cemponent be treated as if it were directly proportional
to the quantity of items in the component. This assumption is generally rea-
sonable with respect to the majority of the system components and is consistent
with the level of accuracy required in a model of this generality. Operation
and maintenance costs are in fact almost directly proportional tc the number
of vehicles in a fleet or to the size of a base. Production cost tends to be non-
linear, particularly in the early production stages of aircraft. However, for
components having a production history the assumption of an average unit cost
is reasonable. The unit cost of a completely new component may vary enough
to warrant the checking of the number of units in a solution against the unit cost
at that production level to ensure that the linear cost assumption is sufficiently
accurate for the production quantity of interest. If the cost variation is con-
sidered significant, the problem may be iterated using modified costs.

The inclusion of research, development, test, and evaluation (RDTE) costs
in the model is optional. These costs may be added to the system ifem costs
in the basic formulation. Thus tte question whether an undeveloped component
would actually have appeared in th2 optimal solution if the development cost
had been apportioned among the number of items of that component called for
in the solution does not arise. An alternative method would be to omit RDTE
costs; then, to assess the validity of the solution, a progran: option that estab-
lishes the range of component unit cost over which the solution remains valid
would be utilized. If the unit cost of a component, adjusted for the proportionate
share of development cost, remains within the allowable range, the solution re-
mains vaiid and the total cost is easily deteriained. If not, iterative techniques
may again be applied. Violation cf the cost range does not imply that a compo-
nent necessarily disappears from the system; it n'27 merely appear at a reduced
ievel. with a new cost range sufficiently wide to accommodate the unit develop-
ment charge. A further useful option in this type of investigation is the provision
for the continuous variation of the unit cost for a single component ur a group
of related components. Cost data, uncertain for any .omponent not yet developed,
will in any event require cost sensitivity analysis.

The important point is the ready availability of methods for checking the
validity of the solutions that are obtained. This feature renders the use of
linear cost assumptions reliable and practical.

Cost Categories. The three costing categories identified in estimating
compouent costs are operation and maintenance (O&M), initial investment,
and RDTE. The development status of the component defines the applicable
categories in each case. O&M costs are assessed for every component in the
system over the selected costing period. Inherited component-, those in pro-
duction, and those for which there exists a firm commitment are assessed only
O&M costs. Components for which development can be considered essentially
complete, but whose production has not been previously contracted for, are
assessed initial investment cost in addition to O&M. Finally, conceptual com-
ponents are subject to all categories of cost. A vehicle from the inventory is
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considered a component distinct from a vehicle of the same kind procured for
use in addition to the current or committed fleet. The productivities are iden-
tical, but the vehicles must be distinguished on the basis of cost.

Costing Period and Transition Costs. The costing period selected for the
evaluation of system costs may be chosen on the basis of the user’s require-
ments. Perhaps the simplest approach is to consider a fixed period beginning
with the time of system completion. A retirement cost may be assessed against
the activity of retiring any existing system component that has useful life re-
maining at the end of the period durirg which the system is being constructed.
Such an approach fails to consider the system costs during its transition phase.
Such information may be of interest and may even have an effect on the con-
figuration of the final system design. If interim deployment capacity goals are
set for the system, the retirement of components must be timed in accordance
with the introduction of new components in the inventory. This implies that tue
cost of operating components for a portion of the overall costing period shouid
be assessed against retirement cost in addition to a charge for unused life at
the time of replacement. The result is that the net cost of including a component
from the inventory in the final system is effectively reduced. Similarly a new
component entering the inventory will be charged operating costs proportional
to its active life in the system during the costing period. Other details must
be considered, such as the allowance for remaining life of a component at the
end of the costing period and the appropriateness of discounting of future costs.
The cost approaches discussed above, together with the system completion date
established in the system policy, combine tac determine the form of the cost
function to be incorporated in the model.

Assurance of Constant Effectiveness. The basic philosophy of system
design within the confines of a given deployment-system policy is to encure
that each alternative allowed by the policy achieves an equal time-phased de-
ployment profile. The analysis pivots on a fixed set of force-closure schedules
with a fixed force composition provided in each area. This is considered to
ensure equal effectiveness provided that the equipment deployed by each mode
is comparable in its state of readirness and in its rela.ive availability. For
example, equipment that is prepositioned must be equivalent in all respects
to equipment that might be deployed from the CONUS. It must be the type that
is normally used by the troups and was used for their training. Provisions
wmust thus be made for updating any equipment that is prestocked. This equip-
ment must be in a comparable state of readiness and reliability to that deployed
from otner sources. Finally, there inust be assurance that this equipment will
actually be available for use in responding to a contingency. There must be
provision for military and political security of prestocked equipment as well
as for its maintenance in a high readiness status. The corresponding costs
must be included in the annual operating costs and the initial investment re-
quired for adequate storage facilities such as dehumidified warehouses. Simi-
lar care must be ¢xercised with respect to all allowable system components
identified in the system policy.

The assurance of equal effectiveness places a significant burden on the
specification of a component and the associated assessment of its cost. Only
in such a context is it reasonable to turn over the system-design process to
the linear-programming model, for the final selection of combinations of the
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available components and deployment activities tor sysiems that will provide
the specified level of military effectiveness at minimum system cost. Alterna-
tive strategies will of course result in varying levels of military value and so,

. perhaps, may alternative system policies, but there the variability of the sys-
tem effectiveness must end if meaningful results are to be obtained from a
system-design process based on a least-cost criterion.

MODEL OUTPUTS

The general outputs of the model are the specification of the optimal
system and its cost, and the specification of a feasible use of the system in
response to the requirements of each hypothetical contingency in the strategy
to be implemented. Each class of output is discussed briefly in the following
paragraphs and will be illustrated later in the paper.

Deployment System Specifications and Cost

The total system cost is determined by the model, where the search is
for the least-cost combination of deployment means within the constraints and
assumptions specified by the user. The system specification of the model is
the complete list of componenis that make up the optimal system together with
the quanity of each component. Included are the number of each type of trans-
port vehicle to be retained or acquired and the locaticn and type of each forward
base, including the quantity cf each class of equipment composing the total ton-
nage presiocked there.

In a typical solution it might be of interest to require retention of all
components of an existing system and to augment this system with either more
of the same components or with some new component or components. In another
case elimination of any or all of the existing components may be permitted.

; Cost comparisons under both assumptions could be of considerable interest
! and could be obtained from solutions based on the two alternative deployment-
system policies.

N AR A O o AT

General.zed Area Deployment Plans

b A secondary output of the model is a set of deployment plans, one for each

| contingency area. These plans are specified in terms of tonnage separated into

! the classes previously identified with respect to the lift capacity of the transport

‘. vehicles. The plan specifies, for each deployment, the tonnage moved or con-

tributed by each system component together with the route over which the tonnage
is moved. Implicit in the plan is the capability to assemble in the area the tonnage
equivalent of the required forces in accordance with the force-closure schedule

! specified in the deployment strategy. A great deal of additional detailed planning

would be required to convert these data into anything resemtling a conventional

movement plan. The generalized plans produced by the mode) as a part of the

optimal solution could, however, provide the basis for such detailed planning.

In this regard it should be noted that the tonnage plan merely indicates one way

each deployment could be made. Usually the plan will not be unique. In areas

in which one or more of the individual phase requirements is not !imiting with

respect to the overall system capacity, there exist alternative plans that could

be accommodated by the system and that might prove superior from a tactical

or other standpoint.

—
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A SIMPLIFIED EXAMPLE

Before proceeding to the detailed formulation of the model, it may be
profitable to examine a simplified example to illustrate some of the basic model
features that have been described earlier in this section. A simple problem
will be stated and formulated and the solution will be given. The example will
illustrate the pitfalls of an approach that attempts to select a single worst case
as a basis for designing a system or one that considers an unduly restricted set
of possible solutions. The problem requires only six variables to represent
system acquisition activities and deployment activities nnd eight relations to
express the deployment strategy and the policy restrictions. In any reasonably
comprehensive and realistic model, of course, the number of activities may
number in the hundreds with a lesser but comparable number of relations.

Statement of the Problem

A small country, S, has important economic interests in and mutual de-
fense agreements with two still smaller countries, S1 and S2. Countries S1 and

S
X?
Xé
xl
S2 40 KT
30 doys
XS
Forward
Xy base

20 KT
20 doys )

Fig. 3—Problem Diagrom: 1Hustratiun of Multiple Strategic-
Deployment Requirement for Country S

S2 are remote from S but are relatively close to each other; S2 is closer to §
than S1 is (see Fig. 3). Country S wishes to maintain a capability to deploy
forces to either S1 or S2 because each is subject to the threat of invasion from
neighboring countries. Simultaneous deployment to S1 and 52 is not considered

20




“Gear

¥ EIEAN Ko e o

in this example. Military analysis of each area indicates that S1 can be effec-
tively supported if a force whose weight is 20 KT can he deployed within a period
of 20 days. A contingency in S2, on the other hand, will require 40 KT, but 30
days may be allowed for its deployment. In this example, Countries S1 and S2
represent the total strategic-depioyment problem of Country 8, and the schedules
given above define the deplcyment strategy to be investigated.

Country S has on hand a fleet of 50 transport aircraft, which it received
from a larger country under a military aid program. There is no investment
cost for these aircraft, but the 10-yr operating cost of each is $8 million.
Country S also has the option to buy floating-depot ships and military equip-
ment at a cost (investment + 10 yr of operation) equivalent to $10 million per
kiloton of equipment prestocked in such ships. The civil air fleet of country
S has sufficient capacity to lift the required number of troops to S1 or S2.

The deployment strategy adopted by Country S sets the deployment ob-
jective as the capability to deploy 20 KT to S1 in 20 days or 40 KT to S2 in 30
days. The deployment systein policy states that the allowable system components
are existing transport aircraft operating from Country S and floating-depot ships
that may be procured and operated from a base in the theater containing S1 and
S2. Retirement of part or all the existing aircraft fleet is allowed if it should
prove economical.

The problem is to define the least-cost deployment system, employing
only aircraft and floating-depot ships, that can implement the selected deploy-
ment strategy.

Analytical Formulation

The following variables will be required:

X1 —Kuotons of equipment prestocked in floating-depot ships
Xa—Number of transport aircraft continued in operation
X3--Kilotons of equipment delivered to S1 by floating-depot ship
X,;—Kilotons of equipment delivered to S1 by airlift
X5—Kilotons of equipment delivered to S2 by floating-depot ship
X¢—Kilotons of equipment delivered to S2 by airlift

Note that the values of X; and X» will specify the composition of the deploy-
ment system. Values of X3 and X; will give the deployment plan for responding
to a contingency in S1 if a deployment is required. 'alues of X; and X, give
the plan for S2.

The problem can now be formulated analytically in terms of the variables
defined above:

X,_0 P12 o
\s - 50 (1)

N3 Ny 20 (2)

\ = R -0 (3)
\a - 250y 0 (4)
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.‘| - X5 2 0 (6)
X» -Xg > 0 (7)
10X + BXo = cost (8)

Relation 1 states that the number of aircraft in the deplovment system cannot
exceed the 50 on hand; no additional acquisition of aircraft is possible. Rela-
tion 2 states that the sum of the torinages delivered by floating-depot ships and
aircraft to S1 must equal the requirement there, which is 20 KT. Relation 3
requires that the tonnage to be delivered to S1 by ships (X;) be no greater than
the floating-depot tonnage avaijlable in the deployment system (X;). Relation 4
requires that the number of aircraft utilized in the S1 deployment be no greater
than the number of aircraft retained in the deployment system (X»). The co-
efficient of Xy, 2.5, is in units of aircraft per kiloton and converts the tonnage
airlifted (Xi) to the corresponding number of aircraft required. This coefficient
is a function of the aircraft productivity over the route from S to S1 and the time
allowed for the deployment.

Expressions 2 through 4 relate to a deployment to Country S1 in the event
of a contingency there. Expressions 5 through 7 are similar and relate to a
deployment to Country S2. Note, however, that in 7 the coefficient of X, is 1.
The route from S to S2 is shorter than that from S to S1, and the deployment
time is now 30 days rather than 20 days. These two factors combine to allow
each aircraft to fly more sorties with a greater payload. The net result is that
only one aircraft is required for each kiloton of equipment delivered by airlift
to S2.

Finally, 8 expresses the 10-yr deployment-system cost for any values
of iy and X, that specify the system composition. It is this function that is to
be optimized (minimized) while satisfying relations 1 through 7. Any set of
nonnegative values for the variables X: through X, that accomplishes this con-
stitutes an optimal solution to the problem.

Solution and Discussion

The optimal solution to the problem is given below, with values rounded
to the nearest integer:

X; = T7KT (tonnage prestocked in floating-depot ships)
X, =33 (number of aircraft maintained in active fleet)
\: = T7KT (tonnage to S1 by floating-depot ship)

13 KT (tonnage to S1 by airlifq

\; - 7KT (tonnage to S2 by floating-depot ship)
X, = J3 KT (tonnage to S2 by airlift)

$334 million = 10-yr deployment system cost

"

The least-cost deployment-system design, as specified by the values of \|
and \:, is composed of a fleet of 33 aircraft and a sufficient number of floating-
depot ships to prestock 7 KT of equipment in the theater containing countries
S1 and S2. It will be economical to retire 17 aircraft from the original fleet
of 50. The values of X; through \, give the tonnages to be moved by sea and
air if a contingency arises in either S1 or S2 and constitute the deployment plans
for each area.
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The plan for Country S1 calls for the deployment of 7 KT by floating-depot
ship and 13 KT by air for a total of 20 KT, as required. Since an average of
2.5 aircraft is required for each kiloton delivered to S1, the fleet of 33 aircraft
will be adequate to perform its portion of the lift. In the plan for Country S2,

7 KT are again delivered by sea, but in this case the air fleet has the capability
to deploy 33 KT for a total deployment of 40 KT.

It is useful to introduce at this point the term *slack variable” and to in-
dicate the significance of “slack activities.” Referring to inequality 1 of the
simple problem formulation (see the previous section, “Analytical Formulation”)
it can be seen that this could be wriiten in equation form as

Xg + Xy =50

where X' is a positive variable introduced to force the equality. This variable
is termed a “slack” variable, and in this case indicates the slack or nonactive
portion of the aircraft fleet. The value of X' from the solution is 17, and is
the nonactive portion of the fleet, which is retirable. Slack variables and their
counterpart in deployment activities, slack activities, are often valuable in
determining the utilization of the system and are generally a part of the com-
puter output in analyzing a typical problem.

It has been shown that a mix of the available components produces an
accentable solution with a lower cost than a system having a single component.
If the deployment system were composed of aircraft alone, the full fleet of 50
aircraft would be required. If only floating depot ships were used, a total of
40 KT would have to be prestocked in the S1-S2 theater. In either case the
10-yr deployment-system cost would be $400 million. The optimal system
cost here is $334 millior, which indicates that the mixed deployment system
produces a cost saving of about 16 percent.

Just as no single class of components should be considered to the exclusion
of others, no single requirement should be used as a basis for the system design.
Suppose, for example, that the analysis had boen based on the selection of area
S2 as comprising tne worst case in view of the magnitude of the tonnage require-
ment. A comparison of airlift and floating depots would have disclosed that 40
aircraft at a cost of $320 million could accomplish the deployment there, whereas
40 KT of floating-depot stocks would have been required at a cost of $400 million.
The selection would be in favor of retaining jusi 40 aircraft as the preferred
deployment system. This syslem would not be capable of meeting the deploy-
ment requirements in S1, however, since the 40 ajrcraft could deploy only 16 KT
of equipment there in the specified 20 days. If, on the other hand, S1 had been
selected as the worst case on the basis of being at the greater distance and
having the more stringent tiine requirement, the preferred system would have
been the prestockage of 20 XT in floating depots at a cost of $200 million. Fifty
aircraft, costing $400 million, would otherwise be required. Again this system
would be incapable of meeting the deployment requirement in S2, since the re-
quirement there is 40 KT.

The solution to the example just cited would not pose a real difficulty.
However, more complex situations may arise in which shortfalls and cost-
reduction opportunities may not be readily apparent.
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MODEL FORMULATION

INTRODUCTION

In this scction sufficient detail is provided, using standard lirear-pro-
gramming terminology, to make explicit the general formulation of the model.
The formulation technique and the terminology are taken from Dantzig.* The
tableau form of the model will be given, except for the omission of the slack
activities.

A linear-programming model is essentially a system of simultaneous
linear inequalities and/or equalities. The model tableau sets out the coefficient
matrix and the requirements vector together with an identification of the activity
vectors and the items.

By way of review: the activities are the problem variables whose optimal
levels are sought, and the items are the commodities that are produced or con-
sumed by the program activities. Each relation (inequality or equality) in the
system traces the flow of a single item into or from all the activities with which
it is associated. The components of an activity vector identify every item that
is produced or consun:ed by {hat activity. The tableau presents a compilation
of the input and output ¢oefficients that define the quantitv of each item consumed
or produced by an activity operated at the unit level. The exogenous flows are
the components of the requirements vector that define the flow of items into and
from the system of activities as a whole. The activity and item notation is alpha-
aumeric and conforms to the standard format used in the SHARE LP codes for
the solution of linear-programming problems.

In order to render the discussion explicit the formulation of a simplified
truncated model will be described here; th.e general formulation will become
evident in the process. A brief summary of the problem will be given, the
structure of the tableau indicated, and a representative section of the model de-
scribed in some detail. The remainder of the model is essentially a repetition
of the same format with appropriate variations in the input-output coefficients.

The example presented is hypothetical, and thus no significance is to be attached
to numerical values used.

*Dantz1g, George B., Linear Programming and Extensions, Princeton University
Press, Princeton, N. J., 1963.
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PROBLEM SUMMARY

The deployment strategy considered in this truncated example includes
. force-closure schedules for three contingency areas, two of which are in the
same general theater and may be served by a single base. A schematic
arrangement is shown in Fig. 4.

Fig. 4—Problem Diagram: lilustration of Hypothetical CONUS/
Multiple Strategic-Deployment Requirements

Force requirements are sperified at three distinct points of time within
the critical period in each area. “nly two of the three time phases appear
explicitly in the formulation since the third is included implicitly. The com-
position of the forces to be deployed is represented by segregation of the total
tonnage into two classes with respect to its transportability by the vehicles to
be considered in the deployment-system policies of interest.

The system components identified in the deployment-system policy are
transport aircraft of various types, high-speed ships, forward floating depots,
and sets of equipment prestocked in forward bases ashore. Only two base loca-
tions are permitted in the policy, one in each of two general theaters, and no
intertheater transfer of prestocked equipment is allowed. This problem is
ahbreviated with respect to the scope of the deployment strategy formulated
and with respect to the number of system acquisition and deployment options
permitted. For example, both terminal-facility augmentation activities and
terminal-capacity items have been omitted, and only a minimum of possible
deployment modes are included in terms of rcutes and transfer options. These
simplifications were introduced to facilitate the presentation of both the form-
ulation and sample solutions. The basic pattern is repetitive, and nothing is
gained by considering a more complete formulation, since specific eiements to
be included will depend on the special interests of the vser.

.w.._w._.......—.— JEURERR sttt

——
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TABLEAU STRUCTURE

Figure 5 indicates the basic structure of the model when presented in
c tableas form. As noted earlier, two distinct types of activities are includec
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in the modei: system activities and dcployment activities. The system ac-
tivities refer to the actions necessary to the acquisition and maintenance of

the physical-denloyment system aud are indicated at the left of the tableau.

The deployment activities are the actions taken during a contingency response
that coliectively result in the deployment of forces in accordance witk a schedule
adequate to support the predetermined sirategy in each area. Each large block
along the tableau diagonal contains the coefficients relating the activities and
items involved in the deployment of forces to a single area. Generally (he sys-
tem activities result in the provision of vehicles and equipment stocks to ac-
complish force deployment, whereas the deployment activities define the de-
tailed utilization of these components in responding to the contingcncies ex-
piicitly identified in the global deployment strategy. At the ieft of the tableau
the item: breakout is indicated. A set of general system items is included to
permit the inclusion of consiraints that Lpply to the deployment system as a
whole. These items include inherited-componern: limits, component-production
limits, and restrictions that specialize the available components to reflect
alternative deployment-system policies. These restrictions or ccastraints are
independent of the individual deployments to be considered. The remaining
items are in groups corresponding to the deployment in which they are involved.

The shaded areas in the tableau denote the presence of input-output co-
efficients and indicate the interrelations among the activities and items. It
cain: be seen that the system activities perform a linking function that ties to-
zether the otherwise indepencent deployment problems. The system activities
define the resources that are available for use in making the individual deploy-
ments. The technique employed in the present formulition is to force the model
to design its own least-cost system by identifying the system-component ortions
available to it and stating the depleyments that it must be capable of per{orming.
The functions of deploynient-system design and future-contingency planaing are
thus combined in a single problem. These activities nbviously interacy strongly,
and both may be improved by considering them simultaneously.

As indicated in Fig. 5, each deployment problem is subdivided into two
time phases with the activities and item identified accordingly. The shading
indicates that these time phases are not independent within 2 deployment, be-
cause items consumed in the first-phase activities are not available in the
second phase. In addition to time phases the activities within a deployment
problem are differertiated with respect to transport vehicles, route utilized,
and class of tonnage transported, although these are not shown in Fig. 5.

Another ieature i the model indicated in the illustration of the tableau
structure is the possibility of formulating the pioblem of muitiple, simultaneous
cvontingencies. The first three area problems are considered to involve con-
tingencics that cccur independently, and aay forees and vehicles operating from
a ceniral reserve are fully available for the response to a single contingency.
The question of what force depioyments the system can produce in the event
of simultaneous contingencies is also of interest. A capability, perhaps at a
reduced level, for responding to simultaneou:s contingencies might well form
an integrai part of a comprehensive deployment strategy. The last rectangle
in the diagram diagonal indicates the appearance of a subproblem in which
simultaneous contingencies occur in area Y and area 2 (Fig. 4). The formulation
results essentully from the inclusion of the now simultaiicus demands of the
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area 1 and area 2 activities on basically the same items. The same system :
components inow must be allocated for use in two distinct deployment operations,
and two distinct sets of depioyment requirements must be met simultaneously.
Again a simple case of simultaneous contingencies in the same general theater

has been selected for the example, since a minimum of items is required. There
is no restriction on the contingencies that may be considered to occur simul-
taneously.

Even if the strategy does not specify multiple contingencies, selected
areas may be included as occurring cimultaneously with the requirements set
to zero during normal solution runs. These solutions will not be affected by
this feature. The system capabilities may then be tested by the use of 2 para-
metric run in which the simultaneous-contingency requirements are increased
until they equal some fina! values such as the requirements set in the original
independent-contingency problem. The point at which the system cost begins
to rise (the original single-contingency requirements remain at their nominal
value throughout) indicates the extent of the deployment tonnage that can be
supplied in the concurrently active areas by the original system that was de-
signed on the basis of independent area requirements. Subsequent solutions at
a higher level of simultaneous-deployment force requirements can be investi-
gated to explore the cost implications of incorporating additional system capability.

The last topic to be discussed in connection with Fig. 5 is the objective
or cost function, which accounts for the flow of dollars consumed by each sys-
tem activity in the model. It is this function that is to be minimized while
satisfying all the restrictions and constraints specified in the other item rela-
tions. The deployment activities are considerer to have zero cost, as discussed
previously.

Figure 6 is a reproduction of a tableau printout available from the LP code
employed at RAC in the solution of linear-programming problems. It indicates
in more detail the tableau structure described above. Because of reproduction
limitations on legibility the simultaneous-contingency section of the model has
been omitted. This section is thown in Fig. 7 in compressed form, iicluding
the system-activity interactions. These figures are presented here only to in-
dicate the structural details already referred to. The next subsection defines
the activity and item symbols that appear in these figures and describes the
activities and item flows in somewhat more detail. After reading further, it
may be profitabie to return to these figures for a more comprehensive view
of the overall model.

It should be recalled that the number of individual areas and activities
that may be included has no inherent limitation. Of course, very real practical
limitations in the size of the model to be employed result from the computer
capacity available. It is considered that with the judicious selection of deploy-
ment strategies and representative contingency areas, 400- to 500-item relations
will provide for the adequate representation of deployment-system design prob-
lems of interest. This is a reasonable limit, well within the capacity of readily
available codrs and computers.

TABLEAU DETAIL

Fimure 8 presents a detail of certain sections of the tableau-like printout
shown in Fig. 6. To conserve space, this printout codes all numerical quanti-
ties other than =1 by order of magnitude. The sign convention observed in the
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formulation represents all activity inputs as positive quantities, whereas all
outputs are negative. In the notation, up to sijx characters are available for

the designation of activities and the naming of items. At first glance this nota-
tion appears to be cumbersome, but it is actually quite convenient, since mnemonic
codes may be utilized to permit immediate recognition of an activity or item in
the solution of a proklem. This is a considerable convenience since the number
of activities and items is large, and use of mnemonic-code names eliminates
the necessity of referring to a dictionary of variable definitions in the in-
terpretation of results. The consistent use of a specific order of identification
of activity characteristics further facilitates the readirz of activity and item

i names.

Some of the general notational principles employed here will be mentioned
before turning to the actual definition of the symbols. All system activities have
the first space blank in their symbols as do the item names, which refer to the

i system in general. Deployment activities always begin with a two-digit notation.
The first digit indicates the area and the second digit the time phase within the
overall critical period in which the activity occurs. Subsequent symbols identify
the vehicle involved, the class of tonnage carried, and the route origin, iu that
order. Deployment item names follow a similar pattern with respect to the
area and time-phase designation.

Notation

System Activities. The system activities included in this example are
listed across the top and at the left of Fig. 8, and each is read from top to
bottom as indicated in the definitions given below:

OT1 operate and maintain transport aircraft T1 over the costing period

RT1 retire T1 aircraft

OT?2 operate and maintain transport aircraft T2

RT2 reiire T2 aircraft

OT3 operate and maintain T3 aircraft

BT3 procure, operate, and maintain T3 aircraft in addition to those in

the inventory

RT3 retire T3 aircraft
i BT4 develop, procure, operate, and maintain T4 aircraft
l BHS develop, procure, operate, and maintain specialized high-speed ships
! FBOA  establish a floating-base depot stocked with class O tonnage in base
L location A

SBOA establish a shore base stocked with class O tonnage in location A
FBRA  establish a floating depot stocked with class R tonnage in location A

SBRA establish a shore base stocked with class R tonnage in location A
FBOB, identical with above activities except in base location B

ﬁ‘ etc.

Transport aircraft T1 and T2 are in the inventory at the beginning of the
period but are no longer in production, so that additional aircraft of these types
are not considered available. Any quantity up to the limit of availability may
be retained in the system; any not retained may be retired from service. T3
aircraft are still in production, so that three options are available with respect
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to these aircraft. Those in the inventory and committed to production may be
retained or retired, and additional aircraft of this type may be procured. Air-
craft T4 is in the concept-design stage and may be developed and procured if
such action proves economically desirable. A similar situation exists with
respect to the high-speed ships. In both these cases the cost of RDTE and
procurement must be included in addition to O&M costs. The BT3 cost includes
procurement plus O&M costs, since these are above the initial committed pro-
curement level. The floating- and shore-base options are each divided into two
distinct activities on the basis of the class of tonnage stocked. There would be,
in reality, only a single floating-base group, and each floating-depot ship would
combine both classes of tonnage, since tactical loading would probably be em-
ployed. A similar situation applies to shore bases. The distinction is made
only to ensure equipment availability in the proper proportions to outfit the
forces to be deployed. Bases in locations A and B are of course physically
distinct since they are located in widely separated theaters.

A more general problem formulation would include other system options
than those in the present example. Activities covering terminal facility aug-
mentation in each area could be included for forward and rear airfields, ports,
and surface LOC facilities in each area. Other base locations and vehicle op-
tions would also be appropriate. Only a sufficient number of system activities
is included in the example to illustrate the form that a more comprehensive
model would take.

Costs and System Items. Before continuing with the definition of the de-
ployment activities, it is appropriate here to define the system items that refer
to the system as a whole. These system items are listed in the left-hand column
of Fig. 8 and are defined below:

TI1L limit o T1 aircraft available from the current inventory
T2L limit on T2 aircraft available from the current inventory
T3L limit on number of T3 aircraft in inventory or previously committed

to production
BT3L production limit on number of T3 aircraft produced by system
cormapletion date
BT4L  production limit on T4 aircraft produced by system completion date
ACAP airlift capacity required to be maintained in any svstem configuration
HSL productien limit on high-speed ships by system completion date
FBL limit on tonnage prestocked in forward floating bases
SBL limit on tonnage prestocked ashore
OL limit on class O tonnage prestocked
RL limit on class R tonnage prestocked
PSL limit on total tonnage prestocked, independent of class

Multiple cost functions shown on the first eight rows of Fig. 8 are in-
cluded to permit the convenient testing of alternative costing approaches in a
single computer run. Special cost functions are also required in setting up for
a sequence of solutions based on the continuous variation of selectea-cost param-
eters. The aircraft limits are self-explanatory; the item labeled ACAP is a
general airlift-capacity requirement that specifies the lower limit of general
airlift capacity to be permitted in the system policy. This level of capacity
may pe set to any value desired through the appropriate adjustment of the .

34

%
%
3
z




R Sy

s

e 4

exogenous flow of this itemi. The limits on the type of forward base, the types
of tonnage stocked, and the total prestockage limit are incorporated to allow
investigation of alternative deployment-system policies. For example, it migat
be desired to examine the effect of eliminating prestockage as an option or of
restricting the amount or types of tonnage prestocked. Similarly the type of
base permiited may be restricled to floating depots or to shore-based installa-
tions exclusively. In general the options that are available in the system-design
process may be defined and appropriately restricted by specifying that the flow
of these system items should reflect the intent of a specific system policy.
Other system items of a similar nature may be introduced to define additional
or more detailed overall system: limitaticns or requirements.

Deployment Activities. The deployment activity notation shown at the top
of Fig. 8 is largely self-explanatory once certain symbols and the order of their
appearance are understood. The basic symbols other than the aircraft designa-
tions are as follows:

C route origin is the CONUS

A route origin is base location A

B route origin is location B

O,R tonnage class (outsize or regular)
F floating depot

HS high-speed ship

LS local shipping

The first digit in the activity name indicates the deployment area and the second
indicates the time phase within the critical period. The next symbol indicates
the vehicle or means of delivery, and the final symbol defines the origin of the
route over which the equipment is transported. A few examples will make the
notation clear.

The activity name 11T1C indicates the delivery of tonnage to area 1 in the
first time phase by T1-type aircraft over the route originating in the CONUS.
There is no designatior. of the tonnage class since it is understood that T1 air-
craft are capable of transporting class R tonnage only.

Aircraft T2, on the other hand, can accommodate either class of tonnage,
and the aircraft’s usage must be differentiated in this respect. For example,
activity 12T 20A is the shipment of class O tonnage from base location A to
area 1 during phase 2 by means of T2-type aircraft.

No route origin appears in the designation cf high-speed ship activities,
because it is understood that they originate from the CONUS. This restriction
is peculiar to this example and is not inherent in the concept Note that in this
example there is no HS activity in phase 1 because phase 2 is defined as beginning
with the initiation of high-speed ship service.

As a final example the last activity listed in Fig. 8 calls tor the delivery
of class R tonnage to area 1 during phase 2 by means of local suipping com-
mandeered in the area of base location A. It is understocd that the equipment
delivered by this activity was drawn from the shore-biased prestocked equip-
ment at base A. Similar sets of activities (not shown in Fig. 8) are identified
foi the remaining areas explicitly represented in the model. They differ with
respect to the area and phase designations and will be easily recognized in Fig. 6.
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Deployment Items. There are two basic types of deployment items, viz,
the tonnage of each class that is to be deployed and the resources that are uti-
lized indeploying that tonnage. With a few exceptions the item names should be
self-explantory in view of the preceding discussion. The two items at the be-
ginning of each phase group indicate the tonnage required in that period by class.
Thus item 11RR traces the deployment of class R tonnage during the first phase
in area 1 and 110R does the same for class O. The relative proportion of each
tonnage class reflects the composition of the forces to be deployec in each phase
of the critical period. A slight departure is made with respect to specifying the
second-phase tonnage. Rather than identify this explicitly, i.e., 12RR and 120R,
the total tonnage requirement for the combined phase 1 and phase 2 periods for
each class is designated by 1TRR and 1TOR. This specific formulation is em=
ployed in order to permit the deployment schedule to exceed the closure schedule
for the first time phase if such an option would result in system economy. The
remaining items of the tableau keep track similarly of the transport vehicles
and base stocks that are utilized in the deployment activities.

Special mention is required for the items labeled 11FOL and 11FRL.
These items produce the equivalent of a third subinterval in the overall critical
period. Equipment delivered by means of floating-depot ships will be delayed
relative to aircraft deliveries in the first phase as explicitly represented in
the modei formulation. If a portion of the requirement in the first phase must
actually be closed prior to the arrival of floating-depot equipment, the burden
of that deployment falls on the aircraft in the system. The total that may be
deployed by floating depots in phase 1 is limited to an amount less than the total
for phase 1, and this limit must reflect the composition of the forces involved.
This restriction is enforced by limits on the quantity of tonnage that may be de-
ployed by floating-depot ships in the initial time phase in each area. One final
example of the basic resource items will complete the discussion of notation.
Item 12SO concerns the flow of class O tonnage prestocked at the forward base
(understood to be location A, which serves area 1) during phase 2 of the area 1
deployment.

Input-Output Coefficients

The coefficients shown or indicated by a letter code in Fig. 8 may be in-
terpreted as the quantity of each item either produced or consumed by the op-
eration of each activity at the unit level. Thus a single column in the tableau
shows all the interactions of a specific activity at the top of the tableau with
each associated item in the left-hand column of the tableau. The absence of
an interaction is indicated by a blank (zero) at the intersection of the activity
column and the item row. As stated earlier, the sign convention represents
all activity outputs as negative quantities and all inputs as positive. A few
examples will indicate the logic of the formulation. The aircraft made available
by the corresponding system activities may be used during each time phase in
each area, i.e., throughout each deployment critical period. For example, the
operation and maintenance of one T1 aircraft during the system costing period
(the units of this activity are numbers of aircraft) consumes X or Y dollars
(depending on the cost function used), consumes one aircraft from the available
inventory (T1L), contributes one unit of ton-mile capability to the system airlift
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capability (ACAP), and finally, produces one aircraft that is available for use
in each phase of each deployment operation (e.g., 11T1, 12T1, 21T1).

Activity BHS at the unit level (one ship) consumes Y dollars, uses one unit
of production capacity (HSL) and produces one ship available for use in the sec-
ond phase of each area deployment (e.g., 12HS, 22HS).*

The prestockage of 1 KT of class R tonnage in the shore base at location
A (SBRA) consumes X or Y dollars, one unit of the shore-based tonnage limit
(SBL), one unit of the class R tonnage limit (RL), and one unit of the total pre-
stockage limit (PSL); and produces 1 KT of class R tonnage available at location
A for use in either phase 1 or phase 2 of the deployments to area 1 or area 2
(11SR or 12SR and 21SR or 22SR). This activity produces an output available
ouly in area 1 and area 2 deployments, since intertheater transfer of prestocked
equipment is not permitted in the system policy represented in this example.

The bookkeeping associated with the deployment activities ensures that a
kiloton drawn from the base in phase 1 of a deployment operation is also with-
drawn from the stock considered available in the second phase. Thus the sys-
tem prestockage activity never gets double credit for a unit of tonnage pre-
stocked in a forward base and used in deployments to the same area.

Turning next to a few deployment-activity examples, consider first the
activity designated 11T20A. This activity consumes no dollars but produces
1 KT of class O tonnage in the area 1 objective area in phase 1 (110R}, and also
contributes thereby 1 KT to the total requirement for class O tonnage (1TOR).
The unit level of every deployment activity is 1 KT, since this simplifies the
bookkeeping process with respect to deployment requirements. The items con-
sumed by the operation of 11T20A at unit level are X aircraft from those avail-
able (11T2), 1 KT of shore-based class O tonnage available for phase 1 use
(11S0), and also 1 KT from that available for later use in phase 2 {1280). This
somewhat tortured formulation ensures that the phase 1 activities get the first
choice of any equipment that is prestocked. This activity, 11T20A, is but one
of four distinct modes of employment possible for the T2 aircraft in each time
phase. Each of these modes requires the designaticn of 2 separate activity to
define the utilization of the aircraft that have been made available by a single
system activity (OT2). The remainder of the aircraft activities are similar.

The activities in which floating-depot ships and high-speed ships are em-

ployed also take account of possible second trips within the critical period for
these vehicles operating in a shuttle rmode from the forward base. Some frac-
tion of these vehicles may have time for such atrip, and, when they do, they be-
come equivalent to local shipping. Activity 11FRA illustrates this feature.
At the unit level this activity produces 1 KT of class R tonnage during phase 1
and contributes a like amount to the total R requirement, but in addition it pro-
duces A kilotons of local shipping capacity that may be utilized in phase 2. The
items consumed by this activity are also indicated in and may be read from tne
figure.

Item Fiuws

The input-output coefficients were described above as organized by ac-
tivity. They may also be interpreted as tracing the flow of the items into and

“For illustrative purposes, only the arca 1 portion of the tableau is given in Fig. 8.

Entries for arcas 2 and 3 arc analogous to those for area 1.
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from the activities with which tuie items interact. This interpretation may be
used to write the model in the relation form (equalities and inequalities). The
form of each relation is indicated to the left of the item name. A blank indicates
an equality relation, a *+” indicates a “<” relation, and a “-” designates a “2”
relation. The constant term in each of these relations (one corresponding to
each item) is given in the column headed B at the extreme right of Fig. 8. These
are the exogenous item flows that are produced or consumed by the system of
activities as a whole and are external to the system. The tonnage delivered is
subtracted from the existing requirements, whereas the existing resources are
avallable to be consumed by the system. Blanks in the exogenous flow column
indicate that the item in question is internal to the model. An example of this
situation is found in the flow of item 11T3, for example. This is an internal
bookkeeping item and ensures that the number of aircraft utilized in phase 1 of
the area 1 deployment does not exceed the number that has been made available
through the total of activities OT3 and BT3.

The phase 1 deployment-requirement-item flows, 11RR and 110R, in-
dicate that the negative of the total contributions from the activities involved
must be less than or equal to the negative of the phase 1 tonnage requirements
in area 1. This is the equivalent of requiring that the activity contributions
equal or exceed this requirement. The negative equality form of the relation
results from the input-output sign convention. Note that, in the formulation
used, equality is demanded for the total requirements of class O and R ton-
nages, 1TRR and 1TOR, but a less-than-or-equal-to relation may also be used
if desired.
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SAMPLE SOLUTIONS AND SENSITIVITY ANALYSIS

Two sample solutions to the formulated model are given here together
with a discussion of sensitivity analysis and parametric programming as ap-
plied to the results. Since this problem was formulated in terms of fictitious
components and data, the interpretations given are illustrative only. This
problem was constructed to test the feasibility of the formulation and is used
here only to indicate the kinds of information to be derived f-om such a mcdel
when operating on real data.

The strategy adopted and the composition of the forces involved are rep-
resented in the model by the amounts of class R and O tonnages specified in
the area-requirement items for each deployment phase, and the system policy
is implicit in the basic formulation. The basic solution printout gives the sys-
tem cost and the levels of each of the activities in the optimal program for
acquiring and utilizing the deployment system corresponding to the given stra-
tegy and policy.

BASIC SOLUTIONS

Figure 9 is a reproduction of a solution to an example based on the form-
ulation discussed in the previous section. At the top of the printout the system
cost is given opposite the item name, COST2, which was the specific cost func-
tion used in obtaining the solution shown. The column headed “J/H)” identifies
the activities in the optimal solution, and the second column, “BETA(H),” speci-
fies the activity level. The system activities are presented first and define the
composition of the optimal system. This is the output of the system-design por-
tion of the model. In this solution the optimal system contains 160 Tl and 110
T4 aircraft (after rounding), 38 high-speed ships, and various tonnages of equip-
ment prestocked ashore in forward bases. All of the T1 and T2 aircraft have
been retired, and the model has rejected the use of forward floating depots in
designing the least-cost system. These were aliowable system components under
the dep'oyment-system policy formulated, but their cost has prevented their in-
clusion in the optimal system.

The remainder of the activity printout specifies a set of feasible deploy-
ment plans for each area. broken down by time phase within the critical periods.
In this solution all phase 1 deployments are accomplished by air, with 2 con-
siderable provortion of the toi.nage originating from the forward-base stocks.
The shore-based stocks have been allocated among the two base locatinrns as
indicated by the system activities, and these stocks are exhausted during the
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phase 1 deploymert operations. In phase 2 of each deployment the bulk of the
tonnage requirement is moved by high-speed ships with the remainder shipped
from the CONUS by air.

Returning to the remaining columns in the basic solution printout, the
center column, “Row(l),” is a listing of th: item names used in the original
formulation. These item names are required for the interpretation of the
next columns. The column “PI(I)” c~ntains the shadow prices or marginal
values (che latter term will be used here) of corresponding items in column
“Row (I).” Their use will be discussed later in the general consideration of
sensitivity acalysis. The final column, “B(1),” is simply a compilation of the
external constraints utilized in the solution presented. They too are identified
by the item names appearing in the column “Row (I).”

To indicate the effect of a change in system policy with respect to the total
prestockage allowed, Fig. 10 presents the soluiion to the problem just described
but with the prestockage limit raised to 300 KT'. With the previous prestockage
limit of 150 KT, a large number cf T4 aircraft was included in the fieet. How-
ever, doubling the prestocking capability results in a very significant reduction
in the system cost, attributable primarily tc the reduction in the requirement
for T4 aircraft. Other changes in the system include a small reduction in the
number of high-speed ships and of course an increase in the tonnage prestocked
at each base location. Some corresponding changes in the deployment activities
will also be noted. Sufficient tonnage is now allowed in the forward bases to
permit stockage for use in the second phase of the deployment operations. It
is seen that some local shipping capacity can ncw be used in the transfer of
tonnage from the bases to the deployment area, in addition to some second-
phase airlift from these same locations. These comparisons indicate that the
system cost and composition is sensitive to the deployment policy on allowable
prestockage. A more informative approach in a situation of this sort is the use
o: parametric programming in which the prestockage limit is varied continu-
ously, generating a complete family of optimal solutions. This technique will
be covered more fully later in this section, since there are several opportunities
for its use in the investigation of strategy and policy.

SENSITIVITY ANALYSES

A considerable amount of information is available from a linear-pro-
gramming mode! heyond that contained in 2 particular solution, and several
quantities related to the solution are readily obtained. For each activity iden-
tified in the system policy, it is possible to obtain information about the sensi-
tivity of the solatior to the cost of that activity and to determine the range of
validity for the solution obtained. In a problem area such as strategic deploy-
ment where there are no firm requirements or policy restrictions the examina-
tion of a continuous range of the dominant-problem parameters is virtually
manuatory.

Margiral Va'nes

The marginal values were referred to previously and appear in column
*PI(I)” of the basic solution printout. These values have a simple interpreta-
tion in the present model. The marginal value is the decrease in system cost
that would result if the external-constraints value were to be increased by 1
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unit. These values are strictly local in the seuse that they apply only to values
close to those listed. The result cannot be reliably extrapolated to values sig-
nificantly different from those on which the solution was based. Furthermore
care must be exercised in the interpretation of the signs associated with these
values. For example, in Fig. 9 the first marginal value, corresponding to item
T1L, shows that if one additional aircraft of this type were in the inventory, the
system cost would increase by 3.5 units. The negative sign indicates that the
cost would decrease in the negative sense, which is equivalent to an increase.
The logic of this result is that it would be necessary to retire one additional
T1 aircraft at a retirement cost of 3.5 units per aircraft.

As another example consider the prestockage limit. If this limit werc
increased by 1 KT, a reduction in system cost of 31.5 units would result. The
implicatinn of this result is that the system ccst is sensitive to this prestockage
limit, and that a system policy that relaxed this limit would save additional money.
This result is confirmed by the solution in Fig. 10, in which the prestockage
limit was raised to 300 KT. The marginal value associated with this item in
Fig. 10 is only 2.1 units. The implication of this result is that most of the pos-
sible economy to be extracted from prepositioning has already been derived
from a policy that pern:its a total of 300 KT to be stocked in forward bases.
What is of more interest, however, is the specific level of prepositioning at
which little further saving is possible. This type of information is extremely
valuable in the identification of good deployment-system policies and can be
obtained by the continuous variation of this parameter. The determination of
the appropriate level of prepositioning will be considered further in the dis-
cussion of parametric programming.

Of particular interest in the consideration of deployment strategies is
the marginal value of the class O and R tonnage requirements in each area.
Since the requirement flows are entered in the model as negative values (system
outputs), an increase in the algebraic value corresponds to a reduction in the
requirement. A positive marginal value for such an item indicates that the de-
ployment requirement represented is binding on the solution, i.e., the stated
requirement cannot be exceeded except at additional coet. A zero value indi-
cates that a greater requirement could have been accommodated at nc increase
in system cost. With these indicators the balance of ‘he deployment strategy
may be examined. If, for example, only a single requirement is binding, it
might be possible to revise that requirement downward to permit cost reduction
without affecting the overall stiitegy significantly. In the example given here
it will be noted that the area 1 requircments are not binding. Area 2 require-
ments for both deployment phases are binding, but only the phase 1 requirement
in area 3 has positive marginal value. The deployment in area 1 could be in-
creased by a small amount without increasing the system cost, indicating that
the system required to meet the demands of area 2 could accomplish more than
is demanded or it in area 1. The phase 2 requirement in arex 3 could also be
raised slightty without added cystems cost. In Fig. 10, however, it is seen that
only the area 1 requirements can be increased. The changes in the system com-
position brought about by increasing the allowed prestockage have resulted in
a system thal cannot increase its contribution in phase 2 of area 3 without addi-
tionai expenditure. The marginal values of 3TRR and 3TOR are no longer zero
as they were in the solution shown in Fig. 9.
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The marginal values can be useful in the uterpretation of the optimal so-
lution, primarily in the identification of areas in which further investigation
would be profitable.

Cost Ranges and Reduced Cost Factors

It is important in the interpretation of solutions to know the range over
which the cost of each activity can vary without affecting the validity of the
solution. This kind of information is essential with regard to the cost of sys-
tem components that have not yet been developed. It will be recalled that in
one costing approach the RDTE cost may not be included in the cost function
but may be added to the unit cost of any activity involviag an undeveloped com-
ponent. In this approach, increment in unit cost associated with development
cannot be determined until the quantity of that component is specified in the
solution. The solution to a problem in which such a component appears therefore
remains conditional until a check is made to determine if the adjusted cost re-
mains within the range of solution validity for that component.

Cost Ranges. Figure 11 shows the cost ranges for each activity appearing
in the optimal solution presented in Fig. 9. The solution of Fig. 9, defined by
the number and type of system items, remains valid sc long as no activity cost
falls outside the lower (Limit 1) and upper (Limit 2) bounds given for it. The
final two columns indicate the activity that would enter the optimal solution if
the actual cost for each activity violated the respective limits shown. In some
cases, cost ranges will appear for activities that are at the zero level (i.e., not
used in the optimal system). In such a case, Limit 1 represents the cost at
which that activity might become competitive. For example, activity FBOA
(prestockage of class O tonnage in floating depots at location A) would be a
contender in the system if its cost were 20.58 or less, as compared with a cost
of 31.5 originally estimated for that activity.

Checking the upper limit on the T4 aircraft unit cost shows that a sub-
stantial margin remains for the accommodation of RDTE cost. Since the ac-
tivity level calls for the production of 110 aircraft and the development costs
are distriouted over the quantity procured, the RDTE cost per aircraft could
be as great as 59.67 - 40, or almost 20 units. At this production level it is
almost certain that the development cost per aircraft will be less than one-half
the cost for the initial inves‘ment plus O&M for a period of several years rep-~
resented by the 40.0-unit cost per aircraft used in the problem. In this case
it may be safely inferred that the solution is valid. The cost range varies with
the problem conditions, however, and must be checked in each case. The cost
range for the high-speed-ship procurement activity is also very broad, so that
there is little question about the solution validity in this specific example. Cost
coefficients for development items are subject to considerable uncertainty and
must be given close scrutiny inanyevent. A sensitivity analysis with continuous
variation of the cost parameters also may be desirable.

Reduced Cost Factors. The cost ranges available in the forin shown in
Fig. 11 are restricted to the aciivities that are included in the optimal solution
(including those at the zero level). Cost data are also available for the activi-
ties that are not in the optimal fleet mix. Figure 12 shows such information
for the system activities from the same basic problem sclution. The quantities
shown indicate the amount by which the unit cost for the activity would have to

44

N S, e | S S R - MO

SN P RSRSE T e A s ke

SR




Qe B e

" cost maNees T T > oo omnem comen  © G0 oo 8 ames
BASIS ’ 7T COST IN TooTmmm e INCOMING VECTOR
VECTOR  BETA VALUE___ PROBLEM LIMIT 1 LIMIT 2 AT LIN L AT LIM 2

NOYW STARTING CLASS SYST 0T S EEEEE RS S T -

__RT1 _ 500.00000 3.5000000 e » = ¢«  8,5185177__ UNBOUNDED orl
RT2 50.000000 ~ 5.0000C00 * o & &« T 10.393260  UNBOUNDED ~ or2
QT3 160.00000 _ 15.600000 ¢ & e ® 16.687538 UNBOUNDED RT3

TFBOA T T T TT731.500000777720.5844127 e s e ¢ TTLIFGA T UNBOUNDED
SBOA  .73577539  10.200000  10.200000 _ 10.200000  11T4RC 11120C
BT4 105.72853 "7 40.000000 ~ 35.017702 ~ 59,677255 RT3 T 77 FARB
BHS  3B.469360 86.000000 .00000095  146.99767  +22TL _ +2150
SBRA 72.313177 10.200000 10.200000 :2.208000 11T20C 7 11T&RC’

CSBOB _ 9.6494598  7.1000000 _ 7.1000000__ 7.8435259 _31T4RC 31738
F808 TTTT 21.500000 T 16.102095 e e @ ¢ T "31F0B  UNBOUNDED™

SBRB _ 67.301587  7.1000000  6.3631788 _ 7.1000000  _ _ 31738 _ _  31T4RC_

Fig. 11—Computer Printout of Cost Ranges for Activities in the
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be reduced to make that activity competitive. If, for example, the cost per
kiloton for class R tonnage stocked in floating depots at location A (FBRA)
were reduced by 10.92 units or more, this activity would be competitive in the
optimal solution.

Parametric Programming

All the sensitivity data discussed so far have commeoen limitations: the
variation is restricted to a single activity or item, and the indicated result
cannot be extrapolated with reliability. Their primary value then is in the
indication of critical parameters that should be ziven closer examination by
other techniques. With respect to cost coefficients and flow values, the re-
strictions cited above can be eliminated through the application of parametric
programming.

The specific methods of settirg up the problem for parametric programming
vary with the specific code and computer employed and are readily obtained
from the appropriate user’s manual. Two specific examples utilizing the LP40
program will be treated, and several other possibilities will be mentioned.

Variation of the Prestockage Limit. Earlier in this section it was indi-
cated that the system design was sensitive to the value of the exogenous flow
corresponding to the overall limit on the prestockage of tonnage in forward
bases. Figure 13 shows the variation in system composition and cost as this
limit is varied continuously over the range 100 to 400 KT, tracing the levels
of the system activities in the optimal system as the system policy is varied.
The point of primary interest here is that the system cost stabilizes at a pre-
stockage level of slightly more than 200 KT. The use of additional prestockage
remains slightly advantageous, but the saving achieved beyond a limit of about
215 KT is no longer very significant. Since prepositioning uf equipment has an
associated risk, it may not be desirable to utilize this activity beyond the value
at which significant reduction in system cost is possible. Thus a good policy
with respect to the allowable prestockage, in the problem formulated, would
set the limit somewhere in the vicinity of the breakpoint in the cost function.
After this point a continuing tradeoff of prepositionin,; for ships nccurs, but
little system-cost change is involved. The system composition has stabilized
at a prestockage limit of about 340 KT. Beyond this point ther= is nu further
change in the optimal system configuration with regard to this parameter.

It must be recalled, however, that the result in an analysis of this type
is contingent on the strategy requirements assumed. The prestockaze limit
indicated here is largely a function of the phase 1 requirements in each area.
Thus it might be of interest to investigate the effect of a change in the phase 1
requirements with the prestockage limit also varied in the same proportion.
Thus what appears to be a good policy feature mmay be checked against a range
of strategy requirements. Analysis cf this sort is a valuable capability of most
of the standard LP codes.

Variation of Forward-Base Costs. The costs of forward bases may be
uncertain, but there may be good reason to believe that their cost will not vary
grea'ly with respect tolocationand that the ratio of floating-base to shore-base
cost will be constant. It thus becomes of interest to assess the effect of a
variation in prepositioning cost in which ail such costs are varied continuously
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P and in the same relative proportions. The result of such an analysis is shown
: in Fig. 14. The cost axis represents the prepositioning cost as a fraction of
the nominal value utilized in the solutions presented in Figs. 9 and 10. It will
be noted that whereas the system cost varies continuously the changes in sys-
tem activities are discontinuous. The problem requirements are constant
throughout so that changes in the activities occur only when the prepositioning
costs reach critical values. At these points, drastic revision in the system
composition may result. At a low cost level, all forms of prepositioning are
utilized in the optimal system. Floating-base activities drop out quite early
in the competition, however, except for FBOA, which expires at a cost level
only slightly lower than it had in the basic solutions presented earlier in this
section. Shore-based prepositioning, on the other hand, is a hardy component
whose level is quite stable over a wide cost range. A system containing such
components is therefore likely io be optimal even in the face of highly inaccur-
rate cost estimation. This type of information is valuable in the search for
good objectives in the design of deployment systems and in the formulation of
deployment-system policy.

Variation of Other Parameters. During the testing of the sample problem
formulation presented here a number of other parameters were varied to re-
flect strategy and policy alternatives. In view of the uncertainty in the require-
ments for strategic deployment the prime contenders for such study are the
global-strategy requirement levels in each contingency area. Since the individ-
ual requirement levels are almost equally binding on the solution, the significant
variation is in the overall response level of the strategy.

A related problem is that of the distribution with respect to time phasing
of the overall requirements in each area. Test runs were conducted in which
the total in each area was held constant but the phase 1 requirement was varied
from zero to one-half the total requirement. Time phasing, as might be ex-
pected, exerts a strong influence on system: design and cost, since only a
limited number of activities are possible in the very early stages of a deployment.

A third problem, the capacity of the system to accommodate simultaneous
contingencies, has been investigated parametrically. This was accomplished
by the continuous variation of the simultaneous deployment requirements from
zero to the sum of two single contingeacy values. The result of this variation
is that the previously determined optimal solution is not affected until the re-
quirements are approximately 50 percent of the maximum total. At this stage
i the cost begins to rise and the composition changes to cover the new demands.
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MODEL APPLICATIONS AND EXTENSIONS

The specific example discussed in the preceding section was nece:sarily
limited in scope and completeness. Although a complete formulation was cov-
ered in the general description of the model, the formulation was restricted to
two theaters. In actual application, five theaters are generally considered; how-
ever, the extension from two to five theaters presents no difficulty in formula-
tion or problem size. Some of the more significant applications of the five-
theater model will be reviewed here, together with an indication of the direction
of extensions of the model.

MODEL APPLICATIONS

The strategic-deployment linear-programming model that has been used
most extensively is a 400-equation set of constraints relating five worl? -ide
military commitments of the US to the means that will be available for strategic
deployment in the post-1970 decaae. The model has been used to investigate
several different types of problems thus far. Although the major use has been
the evaluation of deployment systems, this has been by no means the only appli-
cation. Some of the more interesting applications are noted below.

The primary problem addressed, evaluation of deployment systems, has
included extensive analysis for the C-5A aircraft and fast-deployment-logistics
(FDL) ship. Analyses of both systems have included the generation of sensitivity
data that indicate solution (optimal system mix and cost) sensitivity to uait air-
craft and/or ship costs, to the availability of limited numbers of each vehicle,
and to the use of the vehicles in various modes of operation.

The economic impact of altering the US worldwide prepositioning posture
is readily investigated in terms of the model, since all prepositioning sites are
defined in the model. The removal of prepositioned materiel from site to site
and the transfer from shore-based to ship-based locations are definable, and
analysis can be conducted te determine cost and system mix consequences.

The question of changes in logistics characteristics in theaters of interest
can be considered in the model. For example, losses of ports or ground LOC
are assessable in ferms of economic impact on the optimal system. It should
be noted that thus far the RAC strategic-deployment linear-programming model
addresses only intertheater deployment; thus the situation of changes in intra-
theater logistic characteristics is not explicitly included in the model.

One ci the more interesting problems that can be investigated by the model
is the value of extraterritorial sites to the US so far as strategic deployment is
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conrerned. A large number of airlift and sealift en route bases are defined

in the model, in terms of vehicle productivities, and thus can be assessed in
terms of value in strategic deployment. The determination of a doiar value
for any of numerous sites is possible again with the qualification that the value
is that for strategic deployment.

A final application that is readily undertaken is determining the capability
of fixed systems to move tonnage in tiine increments and to specific areas de-
finable in terms of the model. Such analyses are possible simply by using an
alternative objective function where tonnage to be moved is the objective function.

The foregoing are all examples of types of applications that have been
made with the model. However, questions of additional realista, of additional
systems, and of problerns interacting with strategic deployment are of increas-
ing interest, and extensions of the model, described in the following section,
are constantly being pursued. '

MODEL EXTENSIONS

The model extensions discussed here fall into (wo classes, additional
realism and larger problems that can answer questions related to strategic
deployment without necessarily including additional realism in model details.

Considering factors affecting realism in the simplc problem and in appli-
cations, perhaps the most unrealistic deletions are the te:ininal-facility-
augmentation activities. The deployment items corresponding to the various
classes of terminal capacity in each area were also omitted. These activities
and items were discussed earlier, but their importance deserves further em-
phasis. Terminal capacities are limiting in any large-scale deployment opera-
tion, particularly in underdeveloped areas. Realistic future-contingency planning
demands the recognition of existing limitations and the provision for their elimi-
nation. The exogenous flows of the terminal-capacity i‘ems may account for
the existing airfield, port, and LOC facilities. The l«vels of the augmentation
activities will account for any additional facilities 1hat may be required. These
are specified in terms of the class of facility aud the area location. Including
a rough estimate of the facility-augmentatica cost in the system cost function
will prevent unrealistic system designs {nat would in:ply exorbitant demands
for a particular type of facility, e.g., iarge fleets of aircraft to overcome port
throughput limitations. Although facility-augmentation costs may not be sig-
nificant individually, their cumulative effect over several deployment areas
may be of importance in shaping the optimal system composition. At the very
least, terminal-facility-augmentation activities serve to quantify the tecminal-
facility requirements asscciated with a given strategy and policy and will in-
dicate the magnitvde of the effort needed to eliminate shortfalls. Existing
facilities are properly considered part of the sysiem environment, but addi-
tional facilities must be treated ns an integral part of the overall deployment
system.

In the area of deployment activities there are some additional possibilities
of interest. The representation of the CONUS as a single raute origin leaves
much to be desired with respect to realism, since at present the forces to be
deployed are widely dispersed. The incorporation of multiple route origin
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within the CONUS and the use of items representing the forces available at each
of these origins would be a refinement of some interest. The possibility of con-
solidation of the central reserve forces could also be investigated by means of
appropriate system-activity options. This would of course require the careful »
estimation of the costs associated witn such an operation. One could also in-
vestigate the desirability of some further deployment options such as inter-
theater shipment of prestocked materiel (at least during multiple contingencies)
and forward-base stock replenishment by high-speed ships. Stock replenish-
ment would permit final delivery to the objective area by aircraft having forward-
tield landing capability. Greater refinement in the representation of the forces

to be deployed may be obtained through the introducton of additional tonnage
classes and the use of distinct item flows corresponding to each.

One final extension of the model will be mentioned here. In the present
formulation, only a single system design is produced, and this system is tied
to a specified completion date. Interim requirements are covered in the spe-
cification of the system-design policy, which predetermines the ground rules
for transition to the final system. Houwever, it is possible to formulate the
model to produce a sequence of system designs coverire distinct cousting periods.
It is necessary, however, to repeat the deployment subproblems for each area
in each costing period. System activities would be keyed to the time periods
in which they were available, and system components selected in one costing
i period would become available resources for possible use in subsequent periods.
; Retirement activities would be included to cover transition phases, and a single

cost function would assess the total system cost over all periods co :red. In
this fashion an optimal sequence of systems could be determined. Since the
model size is directly proportional to the number of costing periods in the
sequence, additional study will be required to determine if any real advantage
is to be gained. .

Model size is a major problem, particularly in the second area of extend-
ing the model to include other questions. This area includes such additional
problems as longer times for initial deployment, finer time intervals, resupply
for very long perinds of time, and peacetime deployment in conjunction with
strategic-deploynent systems.

The computer running time involved in solving a problem increases as
the third power of the ratio of problem size; thus the consequence of doubling

: the size of a 1-hr problem is obvious. And the inclusion of such additional
] problems as noted does in fact double problem size.

The solution to the larger problems to handle the additional questions of
interest thus far seems to lie in the direction of developing subproblems that
can be investigated either singly or in combination with other subprobtiems.

The general sequence of solution is to solve the subproblems (standard termi-
nology for these problems is “module”) and then combine the individual module
snlutions to obtain the overall problem solution. This approach to decomposing
the strategic-deployment linear-programming problem has not thus far been
fully demonstrated but is thought to offer reasonable assurance of success

until larger and faster computing machines are available to investigate the
problems that are being developed.
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