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FOREWORD

This report volume presents a bé'ief technical description of the
analytical approach and solution methodology of a study to develop
and implement techniques for optimal assignment of launch ,
vehicles to a?vanced space missions. This study is being per-
formed for the National Aeronautics and Space Administration
under Contfact NAS2-5202, and is monitored by Mr. Robert

Slye and Mr. Harold Hornby of the Mission Analysis Divigion

of the Office of Advanced Research and Technology.

Individuals of Lockheed Missiles & Space Company, Sunnyvale,
California, who contributed to this studjr are L. F. Fox, project
leader; C. J. Golden, key technical member; and M. A. Brunet.



ABSTRACT

Duting this study, analysis is performed and computer programs developed for optimal
assignment of expendable and reusable launch vehicles. in a multi-year, multi-mission
space program. A primary objective is provision of an analytical tool to help the
advance planner to maximize, under restrictive budget constraints, the accomplishment
of a future space program. Such a program will normally include existing vehicles,
growth versions, and new starts. Explicit handling of all contributing and interrelated
costs (recurring, nonrecurrmg, and sustaining) ensures global solution for a previously
intractable problem, The programs analyze the multiple factors that apply, 1nclud1ng
stage and vehicle characteristics, mission reguirements, production aspects, launch
sites and pads, sustaining effort, and others. A single computer ruh identifies stages
and vehicles that comprise the optimum launch vehicle family and provides an array

of data pertinent to this optimum. An integrated vehicle assignment and budget
smoothing feature provides for optimal apcomplishment of a space program. without

exceeding yearly budget constraints.
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SUMMARY

This' document is Volume 1 of a three-volume final report summarizing the results
of the Study of Systems and Cost/Performance Methodologies for Optimization of
Vehicle Assignment. Volumes 2 and 8 provide details on developed computer pro-
grams. This volume contains a brief technical description of the analytical approach
and solution methodologjf.

tn st b4 ol - . : s —
TLQurl_ng this study, an analysis is performed and computer programs are developed for /\

optimal assignment of expendable and reusable launch vehicles to ﬁéyloaasjikﬁ 2 multi-
year, multirmission space program. The primary objective is to provide an analytical
tool to help the advance planner maximize, under restrictive budget constraints, the

accomplishment of a total space program over an extended future period.

An jmportant result is the solution of a previously iptractable problem — namely, to
provide an optimal assignment of vehicles to ;:ni:c.siohs for the least total program cost,
The developed program explicitly handles all contributing costs, in‘cluding recqrring,
nonrecurring, and s;ustaiiling types that are associated with stages and vehicles, and
their integration, a]g.ter-nate launch site and pad facilities -and rother parameters.
These cost factors are interrelated. Thug, changes in one vehicle—to—miss‘ii){l_\
assignment influences all other assignments, resulting in a large combinatorial problem.
. Explicit handling of these cost categories ensures a global optimum solution.

I

In operation, the complete program (I} analyzes stage characteristics and integrates

1

stages into feasible vehicles (user option). (2) screens vehicle performance again-*
misgion requirements, (3) incorporates learning curve effects and batching in
manufacture (4) provides for the use of alternate launch sites and pads, and (5)
evaluates reusable vehicle sizes and incorporates other related parameters. The
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output solution identifies the optimum-vehicle-to-mission assignment and provides-an-'
array of associated data. TFor sensitivity analyses of the various parameters that .
enter the problem, in addition to the optimum solution; the program can identify the

N'next best solutions ordered by total cost. By simultaneous evaluation-of -alternately

.configured stages, the program can be used for comparative design analyses.

The program is integrated with a budget-smoothing program. Therefore, the optimum
-vehicle-to<mission assignment can be adjusted so that the total space program can be:
.accomplished without exceeding planned yearly budget constraints. The program also:

is structured to provide flexibility to the user in selecting only subroutines that are

needed for his particula® problem.

-
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.Section-1. .
INTRODUCTION.

llllll

In seeking cost reductions, the mission planner is faced with the inherent complexity’
of space programs. It is frequently impractical to manually assess all of the inter-
related factors in the accomplishment of a mulii-year, multi-mission space program

~and concurrently ensure that all applicable constraints are satisfied.

One such previously intractable problem is that of determining the optimal assignn_ierit
of launch vehicles to space missions for the least total program cost. Factlors '
considered in this assignment include stage and vehicle physical and performance :
parameters, and costs in three basic categories —namely, recurring, nonrecurriiqg,
and sustaining. These cogts are directly related to the accomplishment of c-;ach nf;l'ssion
in the mission model. I only recurrmg costs were involved, the problem could be
solved simply. However, when non—recurrmg and sustammg costs are included, any
change in the vehicle-t6-mission agsignment changes the total program cost becauge

of the interrelationship -between: these costs.

In a typical exampl}a the consideration of all possible vehicle-to-mission assignments
for a nominal space program 'having 20 possible launch vehicles and 300 missions over
a 15-year period would reqmre the analysis of combinations on the order of 20. 300
Thus, a basic problem encountered in constructing a launch vehicle assignment model
is combinaftorial in that all possible assignments cannotbe evaluated for a problem

of realistic size.



' 1.2 'SOLUTION APPROACH

llffe'i‘é'ﬁt analytical approaches.may be employed to avoid this combinatorial problem.’
n)r

0f ‘the most promising.appreaches is. fo apply a modified form of the branch—and-
bound technique developed for the related " Traveling Salesman Problem, ' by thtle,

. etaliRet, 1). References 2 and 3 also provide related background information.

Little's basic algorithm must first be modified to handle assignment type problems
with realistic cost functions, since fixed, non-recurring assignment costs exist.
These latter costs are only incurred the first time a vehicle is selected to perform
a mission. A further algorithm modification is necessary since vehicle-related

costs are intradependent (e.g., the "Atlas family, " "Titan family, " the "Agena

:

family" share certain costs), so there is not a simple one-to-one relationship between

development costs and launch vehicle candidates.

The most important and extensive modifications that must be made, however, are-
those which permit the explicit congideration of the time-dependent costs ('annual
operating" cost) associated with a launch vehicle.* For realistic launch vehicle us;bv

lifetimes, these time-dependent costs aré {ypiéally of the same magnitude as non—

recurring costs; therefore, they cannot be handled with accuracy by iterative techmques

In fact, cases in which iterative methods..converge to‘fdemonsrtrably erroneous solution
have-heen found. Time-dependent costs are sufficiently large in real space progré.i:a
examples that iterative techniques guarantee only a relative minimoum, not an absolute

minimum cost assignment.
1.3 GENERAL MODET: T.LOGIC
The algorithm developed during this study and described herein handles all applicable

costs explicitly and therefore an absolute minimum cost assignment is guaranteed. .

Figure 1-1 illustrates the general flow diagram for the assighment model where the.

*For example, sustaining engineering costs, annual launch service costs, guidance
support costs, and launch complex operation or maintenance costs.

1-2
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Fig. 1-1 General Model Flow Diagram
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+.cost -ﬁi'nil.nizing algorithm forms the heart of the model. Mission model r-equix%ement;s
include payload weight and characteristic velocity requirements, various stage and §
v‘éhiblé"performance requirements, proposed launch rate and site, and other related ,
.Cha¥adteristics., Vehicle performance eapabilities are specified directly and- are -
compared to misgion requirements to determine which vehicles can and which camnot

- perform a given mission. Availability of launch vehicles and appropriate launch :

facilities are among the parameters considered in this screen. This capability data,
along with economic data, is input to the optimization algorithm which determines thes

least cost assign.;n?ent for the total program. Data ig input in terms of stages wherever

; possible, since this practice allows the variou;{ypeé_o_f cost sharing interactions to

be considered. The output includes various breakdowns in the optimum vehicle- .

mission assignment and can identify the next N best solutions for sensitivity analys-is.:

" For simplicity only typicel data are indicated on Fig. 1-1. Complete inputs and oulipu'ts

<

to the algorithm are discussed in detail in Section 3 and Appendices A and B,

This computer program has been integrated with a previously developeci budget
érﬁoothing model (Ref. 4) so that the combined program. outputs a least cost total '
space program constrained by realistic funding levels. Section 4 and Volume 3 des_br:i.be
this integrated program in detail. T _

AR -



Section 2 .
MULTI-BRANCH ALGORITHM

1 A3-indicated in.Section 1, - significantly modified version of a branch and bound
algorithm which provides for multiple branching at nodes is a key analytic procedure

" in the program, This control algorithm is described in some detail in this section.

2.1 ORGANIZATION OF INPUT

bt "
Consider m missions in a misgion model to be performed by at most 1 candidate
launch vehicles. FEach vehicle is specified by its stage components each of which
may belong to one of several families, Table 2-1 describes the type of input cost -
data which is required. A cost must belong to one of the three categories, but ma&,
be related to any of the sources listed or to a particular vehicle. A family is f
essentially a shared cost group of stages which share either components, launch :
facilities or maintenance. Imtersiage int{e’g;agf:%gn may be between individual stéges:_'
or hetween families of stgges or any combination of these two.
Each mission is spécified by a list-of requirements, including launch site resn'icti;ons,
payload weight and ian&et‘er, characteristic velocity, andannual launch rate, alon:g )
with payload costs and mission-peculiar costs., The recurring cost, c(i, j),“‘is based
on complete vehiclel and mission information. It is defined as the expected operational
cost of performing ffhe j-th mission with the ith vehicle so that

c{i,§) = XG)LG)Y PGy + R (2.1)
where o
X({G) = priority of misgion j0=X=1
1L(j) = desired number of launches for j-th mission

1:_1



B()
R()

il

payload cost of mission j

recurring cost of vehicle i = sum of component recurring costs
associated with vehicle i

Table 2-1
DESCRIPTION OF INPUT COST DATA

® Interstage Infegration
o Launch Facility

-Cost-Related.to.

Stage
-Family- of -Stages

Céategorized in Terms of
Unit (Recurring)
— Stage Procurement
—~ Launch -'Prope]lants and Services
—Interstage Adapter
— Guidance. . -
Fixed (One-Time)
= Basic Development or Uprating Cost
— Pad Conversion
— Subsystem. Integration PG T LT
~ Launch Complex Facility and GSE Procurement/Modifications
Annual - )

© - — Bustaining Ehgineering

— Guidance Support
~ Complex Operation and Maintenance
~ GSE Maintenance: :

To— Goverz‘ml_enf Administration Service




(PSR

To make the model realistic and to.eliminate computations. on vehicle-mission. ‘
_combinations which are not usable, vehicle~-mission assignments are first computer
screéned for feasibility. -e(i,j) is assigned a large positive mumber if, for any reason,

the '#£4H vehicle cannot perform the j~th mission,

The list of all annual and development cost items to be considered form a matrix of
budget options (See Tables 2-2 and 2-3), which are "tied" to candidate vehicles.so
_that all budget options associated with a particular vehicle mugt be included in ;)rder
for that vehicle to be eligible for assignment to any mission.* For example, it
Vehicle 1 consisted of Stages 1 and 3 and Vehicle 2 consisted of Stages 1, 3 and 4,
- then elimination of Stage 4 development (Budget Option 3) would eliminate Vehicle 2
from consideration but not Vehicle 1. Elimination of integration costs between :
’ Stages 1 and 3 (Budget Option 6) would eliminate both Vehicles 1 and 2 from future-

. consideration.

This procedure of using budget options upon which to base decisions and then relat{'ng
these budget options back to vehicle availability for selection exploits the unique :
aspects of the problem. Instead of setting up the vehicle assignment problem to fiij,
the original algorithm, the powerful featﬁ;és'c;fvinzﬂé branch~and-bound method weré; .
adapted to fit the realistit situation. Thus, the assignment resulting from thisi modell
aqhigves global minimum cost whj_:ie considering the various economic interactions;'

between vehicles.
2.2 SOLUTION TECHNIQUE

This technique in general employs a logical search of the space of all feasgible

solutions. "The solution .space is repeatedly partitioned into smaller and smaller
L detete,
__subsets, and a lower bound is calculated for the cost of all solutions

*Bgdéet options may include stage developmént. and annual costs, stage integration ’
costs, "family' type costs and launch pad modification costs.
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. Table-2=2 .
LiST OF TYPICAL BUDGET OPTIONS

%ﬁfgg Type - Fixed. Annga-l
Number | (Development) | (Sustaining)
L 1 Stage 1 15 2
| 2  |Stage 3 100 30
3 Stage 4 2 1
4 Shared Cost 1 10 -
3 Shared Cost 2 0
6  [Integration Between [. - 15
Stages 1 and 3
Table 2-3

TYPICAL VEHICLE-BUDGET iOP TION RELA TIONSHIF

T e asa A

Torr ] Btge | mm o

[ vaite ] componn | Agaticote mutet
4l 1 Numbers i =)
T (L, 3) 1,2,5,6

if |.. 8,4 | 1,2,3,4,56

| 1. e 2,4,5

~
i
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- Withini éac:h subset. After each partitioning, those subsets with a hound that _exéeeds .
the cost of a known feasible solution are excluded from all further partitionings;.

- Thé'process continues until a feasible solution is found (no more partitioning is

" possiblé in this set) such that its cost.is.no greater than the bound for any other .
subset.

For the vehicle -to missiorl assignment problem, this process is most easily visualized
with a tree as shown in Fig. 2-1. TFor simplicity in general process description,
nomenclature in Fig. 2-1 is independent of that in Tables 2-2 and 2-3. ’

At the top of the tree all vehicles are available for assignment so a lower bound is .
calculated based upon the vehicle to mission assignment which minimizes total Nrehii"me
recurring cost, and at the same time satisfies launch vehicle availability and mi_SS]:.’:OD-
requirements. All non-recurring costs are ignored at this first node. If annual t
costs are zero for budget option A; (e.g., Stage A has development cost only) thenf:
two branches are generated from the first node; one branch represents all solution;‘g
which require option A to be selected, , and the other represents all solutions.
where option A is not necessary, . Lower bounds are then computed for each:‘:
of these two nodes. For the brancih#assﬁﬁliﬁg séléction of option A, the recurring .-
cost lower bound will remain the same as for the preceding node since no vehicles:_'
have been excluded from ,coﬁ,sideration:\ However, the development cost associated:

with selecting option &, (P must be added to this recurring cest bound for a total

)
lower bound estimate. TheAbrailch excluding option A has no non-recurring cost '
associated with it so D=0, but since all vehicles dependent upon that opiion must
now be excluded from consideration in ;che calculation of the minimum recurring cost:
this minimum will be a member of a monotonically increasing series, yielding a new

lower bound, Rz , for this node.

The branch with the least lower bound is chosen as the most promising for a new
partition. Assume LB3 < LBZ in Fig, 2-1. If option B has an associated annual cost

SB and the mission model duration is 2 years, then there are 3 branches generated

P ¢
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4
. from! this last node; one branch represents all .assignments which include option A

but not option B, . one branch includes options A and B and sustains B for the
fir'st'yéar it is available only, (B + 1 yr ), and.the last branch--also.includes options A
- 4hd 'B}"but sustains B for the total mission model duration, (B + 2.yx). In.general. .
there are N + 1 branches generated at each node, where N represents the period in
- years~which the mission model covers, Lower bounds are computed for each of these.
new branches as before except that the appropriate amount of annual costs for optlon B
must be added to each lower bound. If N > 10, then there are [N 3J branches ‘
generated at each node, Each branch represents sustaining the option for an even
number of years. This process is continued, always partitioning from the branch
"with the least lower bound from all branches not yet considered, until a solution is

i

reached, i.e., until all of the budget options have been considered and either excluaed
or included for a specific period of time. If this solution also has a bound less -"shan} f
or equal to the bounds established for all other uncompleted branches, then this solution
is the optimum solution. If there are bounds on other uncompleted branches which:.
are less than the bound on the solution just found, then the partitioning process .con%linues
from these uncompleted-branches until a solution is determined whose bound is’ less?:

.than or equal to all other calculated bounds.

Le T

i

In general, the number of branches which must be generated depends upon the number
of budget options to be considered, the fnul-nk;er of years covered by the mission model,
and the number of "almost qpt’imal“‘solutions to the problem. Ihe number of budgét
options determines the height of the decision tree and the number of "almost optimal"

_solutions det;rmines the spread of the tree. If the entire tree were generated, all

, possible combinations of costs and assignments would have to be computed and nothing

would be saved by this method over direct enumeration. In practice, only a small
portion of the tree is generated since the lower bound at any branch is a lower limit
on any final solution generated by branching from that point, Therefore, no branch
need he extended past the point at which its lower bound exceeds the value of a known

solution.




2.3 *I_NCR_EASING EFEECTIVENESS

By’ choosing an effective criterion.to determine which budget option should be. considelz'ed
next at’any node and by calculating.a lower bound at each node which approximates
clogsely the actual lowest cost of all solutions in that set, the size of the decision free,,

and: hence the calculation tfime, is reduced considerably. These fwo techniques: will
now be discussed for the vehicle assignment program.

2.3.1 Branching at a Node

Associated with each node are three sets of non-recurring cost "budget options; "
those that have been deleted, those that have been retained and sustained for a spemfled
number of years, and all remaining "options" whose status has not yet been determmed.
n order to select which of the undetermined '"options™ should be considered next, a_ ;
penalty function is defined for each such option; based upon the magnitude of the _ .
components of that option and the increase in recurring cost which would result if ﬂaaﬁ
| ‘option were not retained. The option which has the largest penalty associated with_éit
is selected for consideration. That is, the option which is most likely to be inc}.ud:éd ‘
in the final optimum, selection and which providés the largest difference in lower bound
values is chosen (Principlé of Inclusion). This choice was determined heurigtically; :
however it results in the lower bound approaching the: opt1mu.tn mission model lower .
- bound quickly. Nodes with very large bounds are also qulckly discarded using this-
method so less computer storage is required. In practice, this principle of inclusion

often leads directly fo an.optimal solutions
2.3.2 Calculation of Lower Bound

. A conservative estimate of the total program cost may be made at each ncde simply
by summing the development cost-options which are definitiely included at that noder .

and their corresponding annual costs multiplied by the number of years which each 1s

to be available, To this number is added the recurring cost bound determined by

/ 1- :‘«;'



- assighing. the least expensive vehicle, not( already excluded, to each mission omthe
basis of recurring cost only. Since each is a lower bound to the true non-recurring
or recurring cost, their sum represents a lower bound approximation to the total

mission model cost.

pecy el
Z = Lower Bound ='§:\ min c(i, j) + E‘ NR(@i) 2.2)
=11 =1
where
v
NR@{) = D() + S(i)(tg - t5);1f option i is included at this node and through year
tf. (ty is the first year option i is available.)
NR(i) = 0 if option i is deleted or its status is undetermined.

A lower bound (LB) penalty funcf:ion may be calculated for each undetermined cost In
- order to sharpen the lower bound and hence reduce the number of nodes which must
be considered. Great care must be exercised in the choice of this function, since the
lower bound represents the cost of a corresponding less constrained problem. n 6rder
‘to Insure optimality, this estimated cost. must be less than the cost of any assignment:

golution found by continuation from that node.

The LB pehalty fmettion, which works effectively for the launch vehicle fo mission
assiénment problem: is based on the increase in redurring cost which regults if each
vehicle currently assigned to a mission is deleted. The increased recurring cost for
each vehicle is «compared to the development cost of that vehicle plus one year annual
cost, (since ifa veh}iclé,is:developed it must be sustained for at least one year). The:
smaller of these two numbers is taken as the pepa.lty associated with deletion of that
vehicle. Only the maximum penalty over all vehicles is added to the conservative 1owpr-
bound because vehicle development costs are not independent and hence the sum .of ,
these penalties added to the conservative lower bound would in general be larger than

a true lower bound value. If a true lower bound is not used in the algorithm, a global



optithum solution cannot be guaranteed. The use of the above penalty function reduces:

computer run-time by one-third or more over the conservative case,.

4

by the complexity of the penalty function, there is a tradeoff region which produces
minimum total computer time for a given case.

l Although total calculation time for a a given vehicle~to-mission model is dlrectly influenced / 7

_Figure 2-2 illustrates a typical tradeoff relationshipj between total calculation time and
penalty complexity. Point B represents direct enumeration of all possible assignments
since the branch-and-bound technique requires some criterion upon which to choose the
next option for consideration. Point C represents a random selection of the next optlon
for consideration, which is extremely inefficient, but still represents an 1mprovement
over direct enumeration. Point D represents calculation of minimal assignments at
each node, in order to take full advantage of the lower bound approximation. However,
calculation time at each node would be excessive in this case. The area of inferest
(shaded) represents the combination of an effective criterion for choosing which option
should be considered next and a g(;Od approximation to the actual lower bound cost 4t
each node. ’
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Flg. 2-2 Effect of Penalty Functlon Complex1ty on Total
Calculation Time
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2.4 OPTIMALITY OF SOLEUTION

Branching from the initial node c’ontinue‘s until all costs a"ssociated‘with a feagible
solution have been considered at some node. The total cost of the solution at this node
is compared to all lower bounds on other (incomplete)nodes. If some nodes have lower
bounds that are exceeded'by the cost of the solution just found, then the node with
minimum lower bound is chosen as the starting point for reapplication of the branchiné
procedure. This process is continued until there are no nodes whose lower bounds ‘
are less than the cost of the optimum solution found so far. For a given set of mission
requirements, all possible combinations of vehicle stages into launch vehicles and all -
possible assignments of these launch vehicles to the given missions are represented

by the very large number of terminal nodes of the decision tree. As one proceeds

from the initial node to any given terminal node, the sequence of lower bounds obtained
is non-decreasing. Therefore, when the final least lower bound condition occurs, the
terminal node represents the global minimum cost launch vehicle combination and its -
assignment. ‘

-
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Section 3
LAUNCH VEHICLE ASSIGNMENT PROGRAM

This section.contains a description of the computer program based on. the algorithm
described in Section 2, The program logic is described in general in this Section 3
and is detailed in Appendix C, Volume 2. Detailed input requirements are hsted in
Appendlx A along with a glossary of input terms. A sample case is presented in

Appendix B which illustrates form of cutput and may he used for program checkout.

3.1 LOGIC

The overall program logic is shown schemat‘ically in Fig. 3-1 and consists of 15 sub~—
routines. Each subroutine has been consiructed as a self-contained package with a
l}li‘nimum. of interrelationship between routines. Consequently, any subroutine can

be altered, expanded, or modified with the minimum amount of effort. The length-of
each subroutine was resfricted so that maximum use of the Fortran H mode: of compila-
tion would result. This extremely efficient mode of compilation results in reduced
storage and reduced run times in comparison with the more -common Fortran G mode:
Figure 3-2 illustrates the overall relationship between subroutines. The primary
purpose of each subroﬁtine is presented at the bégi.nning of its respective listing in
Appendix D. Each Subroutine is stored with the prefix MOX02 followed by its two

key letters; for exaxfnple,‘ MAIN:is stored under MOX02MN. Subroutine PACK is the
only exception to these subroutine storage identifiers. It was written by the Technical
Monitor for general NASA use and is stored under the code MOX01PK. As illustrated
in Fig. 3-2, the program is currently run with one overlay necessitated by storage

limitations.

]
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- Diménsion constraints are detailed for.all input variables in Appendix A which also

includes comments on internal restrictions involving variables. All other dimension
cioh's‘t'ra’ints, data statements and equivalence relations may be found at the ‘beginning
of the MAIN Fortran listing in Appendix-D-

_ 3.2 GENERAL INPUT REQUIREMENTS

Detailed input requirements are included ih Appendix A and a general description of
cost terms used in the model was presented in Table 2-1 of the preceding section.
Input cost data may be related to individual stages, a family of sfages, interstage
integration %giaunch facility. At present a launch facility is either ETR or WTR
while a launch complex consists of at most three specific pads, at one of these facilities.
Unit or recurring costs are expended at each launch., Fixed or one-time costs may be
spread-out over a period of years, but are only spent once and must be spent before
the component is considered operational. Annual costs include all su_staining—tjrpe -
costs, and represent any cost computed oﬁ* :a’ yearly basis. All input_i_ Gosts are A
grouped into one of these three categories, but may be related to any of the sources
listed or to a particular vehicle if more convenient._ |

. tem
Table 2-1 categorizes typical costs which arise in a vehicle-to-mission agsignment and X

identifies the meaning of the three terms (unit, fixed, and annual).

The actual relationships ugsed in the program between cost categories and types are
shown on Table 3—1.{ Recurring costs are-input in terms of stage or integration costs.
Any recurring costslassociated with a specific launch pad are input under the associated
booster re(;urring costs, Vehicle recurring costs are then computed by the program as-
the sum. of all.component stage recurring costs. plus any.applicable integration recurringf

costs.

“:J
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Table. 3-1
INPUT COST CATEGORIES

©

Unit (Recurring) i
— Stage __,._f—f:-J Hardware a
:: \“ Launch Site Support
— Integration — Hardware
® Annual
— Shared Cost Group, | _~Hardware
— Stage »Z — Launch Pad
—Integration _ = ’\Launch Site
® Fixed (One-Time).
— Shared Cost Group‘}‘ __~Hardware
i — Stage _#~Launch Pad

— Integration — Hardware

I

Annual costs are guite complex in nature and hencé require a detailed format for
introduction info the program. For instance, fixed launch pad costs are launch
cowplex oriented while annual cosis are stage oriented. Annual costs are further
complicated by the fact that a second pad does not require the same number of people
to maintain it as the first-pad: Discipline personnel are not fully utilized with only
one ;;ad‘ énd thus need rlo‘t be duplicated for the second pad. However, other workers
cannot maintain two: pads at once, so they mugt be duplicated for the second pad.

Fixed costs: rﬁé.y be entered for shared cost groups (familiés) or individual stages for’
hardware and/or latmch pid expenditures. Integration costs are only hardware

oriented for the majority of real.cases, so this one category of input’is sufficient.

3.3 RATE EFFECTS

The model is capzble of investigating the implications that learning curves, batch
production, and other types of rate effects have on the optimum launch vehicle
assignment.

¥
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‘Eaéﬁ‘;s”ﬁége now has three types-of recurring costs associated with if,and-for flexibility

ir handling differing costing methods,each of these can be input in one of two forms.

"Thé firdt type includes costs which are not related to launch-site, such as hardware

costs. The second type refers to launch-support -costs associated with the eastern
test range, and the third refers to launch support costs associated with the western
testwrange. Each of these three cost categories can be input either in learning curve

form or in jump-discontinueus form.
3.3.1 Learaning Curve Form
‘'The cost of the first unit, Cl , (either stage or integration related) is input along with

the learning curve percentage, p . The average cost of producing the Nth unit, CN"

is then determined by

EN = UllV_K , wWhere -K = %-2——1—2)

This equation utilizes the log-linear cumulative average form of learning curve. This

‘type of learning curve is illustrated in Fig. 3-3.

UNIT COST

TOTAL UNITS PRODUCED o ’

Fig. 3-8 Learning Curve ¥Form

. _,)._7_{‘— ‘ ”l"(a
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- Al uinits required in any given year are assumed to.be produced at one time unless

batching is specified.
‘Correésponding program variables are indicated in Table 3-2..

Table 3-2

CORRESPONDING VARIABLE NAMES —
LEARNING CURVE FORM

Equation | Program - '
__ Neme Name Comment \
1
i Cq SR " | Stage Related !
| RINT | Integration Related
D  PLC Stage Related
PLCINT | Integration Related

3.3.2 Jump-Discontinuous Form

This type of input can be used for those sts:ge recurring costs which do not easily fit
.into the learning curve form. It is assumed that the total cost of x .stages, for

-1=x=7P, is aconstant, C . For x>P, the dfotal cost, T, is defined by
{ T =mx+tb.

_The inputivériables are P , C, m, and b. Their corresponding program names _
‘uged in the stag;e input data section are indicated on Table 3-3. The average cost

of producing the N;th unit is determined by dividing either C or T by N, whichever
is applicable depending on the total number of units produced. Figure 3-4 shows this

form of learning curve.

37 \r'?‘



Table 3-3

CORRESPONDING VARIABLE NAMES —
JUMP — DISCONTINUOUS FORM
(STAGE RELATED ONLY)

- 4 m o= o maa PO -

. it S T

Equation Name | Program Name |
P POJ %
c \ SRJI(L) ‘
m I SRJI(2) \
H
b " 8RI(3)
T* - - T = _‘_"*7:“: - —_ — -=
1 K
! mx + b
e
o)
o
g C 1
< ]
= J
o] I
o
| |
|
1
f !
| - P
{ TQTAL UNITS PRODUCED

Fig. 3-4 Jump — Discontinuous Form
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3.3, 3 - 'Batch Production

The effects of batch production are-handled by inputting a number with-each stage to -
indicate the number of years -over which batching will: occur. Then all the units: of

each stage required for launches during that range of years are assumed to be produced
gtone. time, thus resulting in a lower cost when the learning curves described above
are applied.

3.3.4 Betting Up Initial Case

Since the use of learning effects assumes that the number of each unit required hag
already been defermined and since these are the numbers which the model is optimizing,
the incorporation of learning effects into the model requires that it now iterate on
recurring costs. For the first iteration each stage and integration is given an equal
opportunity to be chosen on the basis of recurring costs —i.e., it is assumed that eacfl
stage will perform every launch for which it is capable in the model. Hence, the
maximum feasible number of each stage and integration as a function of year and test ‘
range is used to determine which point on the recurring cost curve to use. The unit
recurring cost for each vehicle by year and Iaur-mh s'ife, which is the sum of the unit
recurring costs of its associated stages and integratiohs-, is then the lowest possible
for the mission matrix being optimized. The best assignment for the first iteration, ig

then determined based on. these: ¢osts.
3.3.5 Determinatior; of Optimuin Sélution

For subsequent iterations the number of each stage and integration used in the Tast
iteration by year and launch- site is used to defermine the new point on the recurring
cost curve, except for those stages and infegrations which were not selected for
missions. To give these unused stages an opportunity to be selected on the next
iteration, the previous minimum value qf the recurring cost is reused. New vehicle

recurring costs are calculated using these new or restored values and a new best

3*7"1 s



- as§ignnient of vehicles to missions is determined., Between iterations a compatison
'is made of the number of each stage used in the previous iteration to that to be used
in’ the next. If these are equal in every case then the. optimum-solution is that found
in the last iteration. All cases tested using this refinement have .converged to.the

optimum solution in two iterations. This behavior is expected in general.

3.4 LAUNCH VEHICLE TO MISSION COMPATIBILITY SCREEN

1 r

Considerable saving of computational sPache’a- can be realized if the very large set of all.
‘possible vehicle-mission combinations is first screened for compatibility. If a vehicle
fails to satisfy any one of a mission's requirements, it is excluded from consideration -
for that mission before the data are input fo the algorithm for optimum assignment. -
Figure 3-5 is a functional diagram for this process which is performed in subroutir}'es .
CAPABL and AVAIL.

There are four vehicle-to-mission combinations that must be treated: (1) expendable .
vehicle and no return payload required for mission, (2) reusable vehicle and :no retu_r‘n‘
payload required for mission, (3) reusable vehicle and return payload required for
mission and (4) expendable vehicle and return payload required for mission, In this
analysis, combination (4} is not allowed. Combination (2) is allowed if NTRIP >0

for that particular mission; otherwise NTRIP = 0 gignals that only expendable vehicles:
may perform that missfon., Combinatioﬁs (2) and (3) are treated like combination ()
using the same gener{aﬁ_performance check. Tn this check, if the vehicle can carry
the required payload(atithe-required AV , then the performance test is passed.
Otherwisés the number of trips- required by the vehicle to accomplish the mission is
computed, If the number orf trips required exceeds the maximum number allowed,,

(input by the user),jthen +hat vehicle, is. eliminated from consideration for that mission.

All vehicles passing the performance test may be further tested by specifying option 3

and the following mission criteria for consideration in the vehicleto~mission compatibility

screen. Actual input form is described in detail in Appendix A.

W Rk 40
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. Fig. 3-5 Vehiéle:-toﬂ;ﬁssion Compatibility Screen .



“t1) Payload Characteristics

(a) Stabilization requirements (spin-stabilized or not, or no special
requirements)

(b) Man-rating requirement - -

{c) A priorivehicle asgignment {(overrides program determination of
optimum vehicle for that mission)

(d) Weight

(e} Priority assignment

(2} Launch Characteristics
(a) Launch site (ETR or WTR)

(b} Restart requirement (number of restarts required = maximum number
of restarts possible for vehicle)
(c) Characteristic velocity requirement

{d) Launch raie hy year

At present the user can specify one of three options of screening for use in determining

whether a vehicie can or cannot accomplish a misgion.
3.4.1 Option 1

Option 1 first looks to sée if an a priori vehicle assignment has been made for any
mission. If there is such.an assignment, all other vehicles are excluded from
consgiderstion for that mission. If no such assignment has been made then Option 1
performs the screening function hased con performance criteria and availabilify.
The chardcteristic velocity (total required migsion velocity) and desired payload
weight point for eacil niission is compared to the excess velocity (required total
mission AV - 25,680 fps) versus payload curve for each vehicle. If the mission

_ requirement point lies below the curve then that vehicle is capable of performing
that mission in an initial compatibility matrix. Otherwise a "sizing" test is made ag
described above. A second check is then made later in subroutine AVAIL to determine
if each vehicle is available at the time of launch of those missions which it can’

perform and a final compatibility matrix is outpilt.

e RGN ’
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- 3.4 2 Option 2

Option 2 includes the above screen for any vehicles input directly and a direct
performance test for any vehicles formed in the stage-matching screen performed

in subroutine MATE and deseribed in subsection 3.7.
3.4.3 Option 3

Option 3 includes the ‘screen described in Option 1, but adds the criteria of stabilization,

man-rating, and restart requirements.

For each mission there are three possiblities for the payload stabilization require
ment; (1) it must be spin-stabilized, (2) it must be stabilized but not by spin, or.
(3) there is no requirement, If there is no requirement, then no test of é"véhicléls
stabilization capability is made. I there is a requirement, however, thén a vehicle

must meet it or be excluded from consideration for that mission.

The man-rating requirement ig handled in a similar manner, except that thereare
only two possibilities for each mission: it either is man-~rated or it is not. If it is-
not, then no check of a vehicle's capability is made. If it is man-rated, then only

vehicles which are man-rated are kept as possibilities for that mission.

The last criterion, the number of réstarts required, is simply compared to}’ghe
. (AR TR

maximum nmumber possible for each vehicle and the final decision,'made” on this

compariéon.

The priovity assignment for each missiop is a measure, based on a unit scale, of

the probability that the migsion will be included in future mission models. Thus,

the anticipated effects of changing space requirements and the budgetary environment
can be imposed on the mission model. The priority factor is multiplied by all recurring
costs associated with that mission. Thus, the expected mission recurring cost is
output. All other costs are unaffected by the priority assignment.

50 55
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3.9 REUSABLE LAUNCH VEHICLE CONSIDERATIONS.

The muiltiple parameters associated with reusable launch vehicles such.as. expected
lifétitne of each. stage, .stage turn=around time, mission duration.and launch rate,
launch pad furn-around time and payload "sizing" requirements may be treated in

many ways.

One major use of this assignment program is to determine characteristic values for
the above parameters that will make reusable vehicles significantly less expensive
than expendables. For this analysis the program currently requires that an initial
buy of NU units for each reusable stage be input, along with the unit purchase price,
UPP. The total cost of these initial s"cages is added to the input stage development.
cost before the algorithm in subroutine CHOOZ determines the optimum assignment.
If the cost of the initial stages is included in the input stage development cost, i:hen

UPP = unit purchase price is input as zero.

Section 3.4 describes how reusable launch vehicles are screened for mission ciom—j
patibility, and also "sized" to mission payload requirements if desired. The remaining
parameters, that"when combined. determine thé initial buy required for each stage;,
can be input into the usex's own subroutine called REUSE. .This. subroutine may be
as detailed as the user reguires but no-majér changes in the assignment program are
necessary for its inéox:pération. The progra{m has been strl‘lct,ured for inclusion of
such a subroutine. The MAIN program and subroutine STGNUM contain several
comment cards that describe how. subroutine REUSE.will fit into the .current program
Thus, the program oufrehtly =hér’1d1es initial unit purchases directly, and may easily
be exlianded by the user so that the optimal number of units to be purchased can be
determined. for -each stage by the program: based on the parameters intrcduced by the

user in subroutine REUSE.

3.6 LAUNCH FACILITY AND LAUNCH PAD CONSIDERATIONS

Launch facility and launch pad information may or may not be input as the user desires.
I,!f such information is inputf, then each vehicle is paired with one pad complex at ETR
2 - &"’[ '
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.androne-at WITR. Dates of complex availability may also be input; otherwise the
program assumes the complex is already available and will be maintained (as rgquiretp.
The assignment program chooses candidates for optimal solution on the basis of one ;
launch: pad being available for each vehicle in the candidate set. After each candidatg:
set for optimal assignment is determined, the actual number of launch pads required

is computed on the basis of an input maximum number of launches /year/pad possible 1
for each complex. Additional funds required for extra launch pad costs (if any)
associated with this candidate assignment are added to the fotal cost for this assign-
ment, The lower bounds for all competing assignments are compared to this angmented
cost, The algorithm proceeds to find new candidate solutions until all competing lower
bounds are greater than the actual least total cost computed for one of the candidates
already determined. The candidate assignment yielding this least total cost is thus:

the global optimum solution.
3.7 STAGE MATCHING SCREEN

The capability to combine stages, forming conceptual launch vehicles subject to certain
constraints, is available by specifying Option 2 (see subsection 3.4}. This option ’
provides identification of combinations of stages ‘thathave potential as "acceptable™-
launch vehicles. TUp to 60, -'launch vehicles comprised-of 2, 3, or 4 stages can be
generated from stage inputs. Required information to.be considered for stages are
thrust, weight, diameter, and distance required Mfan upper stage by its nozzle
structure. Approximate interstage weights are calculated for use in the thrust-to-

weight constraints.

A clagsification is sfj)ecif'ied for cach stage to restrict its usage as follows:

Type 1 — Fivst stage only (booster)

Type 2 — Second or third stage

Type 3 — Second, third, or fourth stages

Type 4 — Third or fourth stage (uppermost stage on vehicle)

e & o ¢
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If-Option 2 is specified, then the stage information must be input so that Type 1 stages;
-precede Type 2 stages, etc. Stages that are not to be considered in this screen must.
follow "Type 4 stages.

All vehicles generated are subject to the constraint that they can get into low earth
orbiti:as calculated by a simple performance routinez  Additional constraints are
as follows: '

(1) Two-Btage Vehicle

_ {a) Thrust-to-weight of first stage less than 3.5 but greater than 1.2
(b) Diameter of second stage greater than 0.28 but legs than 1.2 times
diameter of first stage '
(2) Three-Stage Vehicle

(a) Thrust-to-weight of first stage less than 3.0 but greater than 1,2
(h) Thrust—to—welght of second stage less than 1. 25 but greater than 0.37

(c) \Same first- to- second stage dismeter constraints as two stage vehicle

[ S—
o ~$

(d) Diameter of third stage greater than 0.28 but less than 1.2 times
diameter of second stage
(3) IPour-Stage Vehicle
(a) Thrust-to-weight of first stage less than 3.0 but greater than 1.2

) Thrust—to-Weight of second stage less than .5 but greater than 0,32
{c) Thrust—to—welght of third stage less than I. 25 but-greater than 0,30
{d) Same! firdt-to- second and second- to—thlrdi tage diameter constraints
as three!' 'sta.ge vehicle
= (e) Diamieterﬂ ‘of fourth stage greater than 0.25 buf less than 1.2 times

diaméter of third stage
i .
The above consirdints are included because they represent realistic data for launch

vehicles of present interest. However, these bounds may be simply varied if later

conditions dictate without computational penalty.
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Ay eden generated vehicle passes. the .above.screen in MATE it is.compared to an input

list of vehicles (if any) fo see if the same vehicle has already been considered for this!

missioh. assignment program,. If the.generated. vehicle. is not found on this.list, then.
this'ndw vehicle is added to the list and subroutine. PERF is called to determine, the
capability of this vehicle to perform each mission in the mission model. A flow
diagram for subroutine PERF, which was wrigt_e‘n by the Technical Monitor of f,tli:is:
Study, is available in Appendix C of Volumer‘.z.\ This subroutine is used for vehicles
not directly input to the program, and uses the thrust, ISP, empty weight, and fuel
weight of all the stages of a vehicle to determine the vehicle's payload for a specified
characteristic velocity. If uses an iterative procedure and approximé.te formulas for
the various velocity losses in arriving at a solution. One added feature is that sub-
routine PERF will use the performance of the lower stages if the curve matching

constants of a vehicle using the same lower stages are input.

After all stages have been considered for vehicle formation, or storage has been
filled with .60 vehicles (whichever occurs flrst), the : program returns control to
MAIN where these vehicles and their capability matrix are further prepared for the
algorithm in CHOOZ.
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Section 4 ]
“BUDGET SMOOTHING AND LAUNCH VEHICLE ASSIGNMENT PROGRAM

The optimum assignment model described in the preceding section was integrated with
an existing Budget Smoothing Program described in detail in Relf. 4. The assignment
portion of this integrated model includes rate effects on recurring costs but does not -
include launch pad considerations. The program logic is described in general in this
section and is detailed in Appendix G. Complete input requirements are listed in
Appendix E along with a glossary of input terms. An interesting sample case is
presented in Appendix F which illustrates the form of output and may be used for
program check-out. Those portions of the integrated program which duplicate articles

found in the preceding section or in Ref. 4 will be omitted from. this section.
4.1 LOGIC

The optimum assignment program was integrated with the budget smoothing program
through use of amprogram which translates from one medel to tke other.

A general logic dlagram of this master program and the two-main subroutines,
ASSIGN and SMOOTH are {presented in Figs. 4-1 through 4-3.

The ﬁéaster program (MASTER) calls first the vehicle assignment program (ASSIGN)
in oraer to obtain mwission data, cost data and optimum vehicle-to-mission assignment
baged on-' this data. [MASTER then transforms this data so that it may be used directly
by the budget smoothing program (SMOOTH). SMOOTH shifts development dates, a
launch dates and-development duration to achieve a level of spending close to the
desired level. The desired levels of spending and constraints on possible program
shifts are input to SMOOTH directly. The new development dates and development :
costs generated by SMOOTH are transformed by MASTER so that ASSIGN can use the'

data for a revised vehicle to mission assignment. The progr‘aﬁﬁ iteraté‘é:bejfween

c;;ﬁ;}%ﬁi' \"("‘\ U{_T b
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ASSIGN and SMOOTH until no major changes are generated by SMOOTH. Then
MASTER either terminates or starts a new case with associated data.

TR

Figire 4-4 illustrates the-overall relationship between the-22 subroutines. Subroutines
in the assignment portion of the integrated model correspond to subroutines in the
asgigiment model described in the preceding section which have the same name.
Common storage in the two versions are different, however, so that subroutines
having the same name are stored under different identifying labels. The integrated
program consistently use; the first and last letters of the subroutine name for
identification. For instance, Subroutine STGNUM is stored under MOX02SM in the
integrated program and stored under MOX02SN in the assignment program described .
in Section 3. Subroutines CLEAR (MOX01CL), INPUT (ALINPT), and PLOT (MOX01UP)
are available to all NASA computer users and are described in Ref. 4 and Appendix G.
Subroutines PACK (MOX01PK) and AFRMT (MOXO02AT) were written in 360 Assembler
© Language by the Technical Monitor of this study. Listings for each are included in ‘
Appendix H and a description of both subroutines appear in Appendix G. The remadining
subroutines have flow charts in detail in Appendix G and Fortran listings in Appendb( H.
The first comment card in each subroutine listing states the primary purpose of that
subroutine. Other comment cards desci'ibing the pﬁrpose of each section and defining
any pertinent variable whose name is not mnemonic .are distributed 1iberally throughout
the hstlng so that neW users may familiarize themselves with- the loglcal function of

each subsectlon w1thm the program.

Dimension restrictions are detailed in Appendix E for input variables and for internal
variables indirectly, associated with the input. Other internal dimension restrictions
may be foimd in the first part of the program listing for MASTER in Appendix H.

Equivalence relations and .data statements are also listed in- MASTER.
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-4, 2' TNPUT REQUIREMENTS

Detailed input requirements are available in Appendix E and the general input philosophy

will Be discussed in this-subsection.

In thes integration with the Smoothing Program,the Agssignment Program described in
Section 3 was essentially unchanged. Only new input variables were added to the
original input section. These new variables are not used explicitly in the algorithm
which determines the least cost assignment; they are, however, carried bacic to the
Master Program where they are modified, if necessary, before eniering the Budget
Smoothing subroutine. This procedure provides better organization of input data and

allows data changes to be made easily.

The Budget Smoothing Program described in Ref. 4 was modified to reflect the .changed
input philosophy. Essentially only the budget levels, smoothing intervals and program

constraints are now input directly to the SMOOTH subroutine.

Internal variables have the same definition in the two versions of the Budget Smoothing

Program (i.e., original version in Ref. 4 and modified version in Subroutine SMOQTH).
W

Thu§ ) reference from one to the other is facilitiated..

4

4.2,1 Program Definitions

The original BudgetSmoothing: Model is extremely.flexible: in the type of input it can
receive. ‘In order o retain as much generality as possible and still interface the two
programs the following approach was used. A program, whose elements are to be shifted
by SMOOTH, is defined to-be either : ‘

(1) Missions involving at least one launch date and no more than 10 consecutive.
i
launch years per specific mission. Payload costs (including recurring,
development and sustaining types) and corresponding dates of expenditure’

are input_along with the mission requirements and launch rate schedule.

o +1
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#2) Development and sustaining programs associated with feasible launch
vehicles. Recurring costs and their associated rate parameters are inpu.ti
at the same fime as expenditure distributions for each such development
and sustaining program. These development programs may be relafed
directly to a stage, iriteg‘rationa or shared cost group. In contrast, the
physical characieristics of any vehicle and the distribution of the recurring
cost associated with that vehicle is input along with other strictly vehicle-
related information.

(3) Any migcellaneous program having no direct effect on the optimaum vehicle.
assignment and no launch schedule associated with it, but having a definite
development and/or sustaining and/or fixed cost associated with it. (e.g.,
a future development program whose costs and dates of expenditure are.
known approximately but which can be tied to no definite single mission or

vehicle component. )

Program types (1) and (3) have all associated costs input to the SMOOTH subroutiﬁe,
while only those development and sustaining programs in (2) actually selected in tlrie
vehicle assignment algorithm are applicable to the SMOOTH subroutine. Only type
(2) costs are used to determine the optimum vehicle assignment in the combined

program.
4.2.2 Program Elements

Typical program elements are illustrated in Fig. 4-5 for program typ_eé (1) and (2).
Existing stages are'sustained from the input reference year until the last year they
are actualiy used.as détear‘miﬁed by the algorithm in ASSIGN. Sustaining costs for
newly developed stages. begin after the development is tWO*thj:E‘@é complete. Stages
are considered operational during their last year of development. Vehicle recurring
costs are spread by the standard distribution (first year = 0. 05 total recurring cost,i‘
second year = 0.20 total rgcurring cost, third year =0.50 total recurring cost,

fourth year = launch year = 0.25 total recurring cost) unless overridden by, input

A1 §-8
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intc variable ALPI (see- Appendix E), -Devélopment costs -associated with a vehicle
(whether they ave stage, family or integration related) are automatically distributed

by the Symmetric Beta distribution over the development duration input with each -
such- cost.

If another distribution is desired, that cost (whether it be development, run-out or

any other miscellaneous cost) may be input under the variable name RXD with its
associated start date, NRFX, and duration in years, NSFX. Since these miscellaneous
costs are input as fixed dollar amounts for each specified year, any distribution

desired is allowed as long as its duration is less than 13 years.

Payload and other mission related costs are input in much the same way as vehicle:

related costs. The two major differences are that

(1) Payload recurring costs are distributed by an input distribution to RDIST -
only., There is no automatic standard distribution.
(2) The payload may be sustained for NSYR years after the last launch. This

provigion allows for data acquigsition and compilation.

Tt should be noted that miscellaneous costs associated with a mission or launch vehicle
component are constrained in SMOOTH by any Input constraints.on, the assoclated
program, For example, if the development start date of o' misgion payload is )
constrained, then the start date.of any miscellaneous. cost.associated with that migsion
is similarly constrained. In contrast, program type 3 costs (see subsection 4,2,1)
which are miscellaneous in nature are only constrained by direct inputs fo that effect.

4.2.3 Constraints '

Constraints are input directly to SMOOTH involving program types (1) and (3). Thev '

are keyed according to the following table where:

KODE = the type of constraint by KEY number (see Table 4-1)
NPROG = _.N = the constrained program reference number ’
KPROG = K = the constraining program reference number
"7 U C8 .= associated real number constant
B =Y i

4-10

A



Table 4-1
KEY TO PROGRAM CONSTRAINTS(2)

\ KODE .. . . Type of Constraint

START, >END, + C5(1)
ENDy + CS < STARTk (1) .
STARTy = CS

" ENDy =CS

E DEV. DURATIONy = CS (FIXED DURATION)
LAUNCH DATEy + CS = LAUNCH DATEg
LAUNCH DATEy = CS
8 ||NO CHANGES ALLOWED
9 | STARTy = CS

10 | LAUNCH DATEy = CS

11 ENDy + CS < LAUNCH DATEg

= I B - TURE N

=~

— ————— =

(2) STAR‘T and END refer to Development

Examples of the flexibility of this approach are provided in Ref. 4, Input program.data
must satisfy the input consfraints to ensure a correct outpuf from SMOOTH, Any
violations in input data aré printed out before "smoothing' ‘begins so that the user is

* aware of the conditi“on. "The program will continue even if violations occur since in

many cases the violations.are.corrected by the "shifting” process.

Program type-(2) da{,ta is automatically constrained in the MASTER routine. KODE 11
is used to ensure thfat all development programs .selected by ASSIGN in the optimum
solution end before the component being developed is to be launched. Thus, SMOOTH
ig automatically constrained so that the optimum vehicle agsignment input to SMOOTH
is still a feasible candidate assignment after SMOOTH is complete. Whether this
assignment is still optimum depends on which variables have been ""shifted” by
SMOOTH. If key variables have been changed ASSIGN is called again to determine

a new (Or possibly the same) optimum: assignment.

“4A) TSI
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4,3V OUTPUT

A-dample output is presented.in Appendix F and a.general .description.follows. First,
all thé ‘input data is output for reference, including data computed by.the program which
will be input to the ASSIGN algorithm. Then the optimum assignment is output listing.

oachr:mission and the assigned optimum. vehicle, along with total mission model cost.

1Input to SMOOTH is output automatically as it appears on‘ tho data card. "Averé.ge”
recurring cost data for each vehicle in the optimum. assignment is computed in VEHRC
It is determined by totaling the actual recurring cost for each vehicle over the entire
mission durafion and then dividing by the total number of vehicles used throughout the:
migsion model. Finally the input cost data is output by program and type and also Ey N
year. A plot showing actual spending by year and desired spending level by year -
follows. The program then smooths this input data and outputs the final result in the .
same form as it did the input data. Launch vehicle requirements by year are outpui:
using the smoothed data. At this point the program either terminates hecause an w
optimum smoothed assignment has been found or else it returns to ASSIGN and outputs
the new data which will be used in the algorithm. The output cycle then continues as

_explained above until an optimum solution has béen found.



Section 5
CONCLUDING REMARKS

5.1 ‘GENERAL DISCUSSION-

In performing advanced planning for space missions for an extended future period,
numerous factors affect the selection of launch vehicles and their assignment to -
missions for a least-cost total program. 'i‘hese many factors must be evaluated by
the planner in accomplishing the maximum space program under continuing economic
constraints. In addition, the planner must consider year-by-year funding limits z;nd
the priority of missions consistent with national goals, and be able to rapidly develop

and assess alternative programs.

A future space program will normally include a mix of existing stages or vehicles;
growth versions of these, and new starts. Assessment of the optimal application of
this mix to future programs requires evaluation of agsociated vehicle physical, ]
performance and cost factors. Similar data must be considered as they relate to -
production, operation )}a‘nd‘ maintenance, -and program elements such as launch sites
and pads, manufactilring lines, :and sustaining engineering. Because‘of continuing:
budgetary réstrictions and complexity resulting from interrelationship between the
many cost factors, the economic aspects are very important., The extensively
modified. branch-and-bound algorithm,which is the core algorithm of the developed
programs (the optimal vehjcle assignment model and the integrated budget smoothing

and vehicle assignment model, emphasizes this economic analysis.

T-1 i
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5. 2" SUMMARY OF RESULTS

RS S S Sy N, - r————n p—

The followmg selected comments are based on the precedlng summary dlSCllSSlbD: - Lo

and. detailed description in the report:

® To achieve optimal least-cost asgsignment of launch vehicles to future space
missions over an extended future period, many factors, including physical,
performance, and cost parameters, must be considered.

o The interrelationships between these many factors results in a large com-

binatorial problem Because of its dimensions, the problem has not been

\tractable to direct methods — manual or computer based. The analytlcal approachr

1
L3

and implementing computer programs developed in this study, therefore, use
accelerated search techniques in providing the optimal vehicle-to-mission
assignment.

¢ DBudgetary consiraints are of continuing importance to future space programs,
While satisfying physical and performance requirements in the vehicle-to-

mission assignment, therefore, emphasis has been given to economic con-~

. siderations in the solution methodology. In this methodology all cost elements aré ‘b‘
J explicilty handled in the three basic categories (nonrecurring, recurring, and sué’— '
" taining), and as a result a global, m1n1mum—-cost vehicle assagnment is assured. [

———— =
© Technigques have been emphasmed that decrease computation time, These

include the u?e of penalty functions in making node decisions and lower bound
estimates, and bypassing unnecessary subroutines during core algorithm
operation. ﬂ

¢ "Packing" and "overlaying' techniques have been uséd to permit operation on
computers with storage limitations.

e Each vehicle candidate analyzed can censists of four stages. Using alternate
configurations of the sameé stage, the program can compare alternate designs.

© Both the vehicle assignment and the integrated budget smoothing and vehicle
assignment programs are structured to provide independence between sub- f
routines. This characteristic provides the user with flexibility in applying

the programs to his particular problem.

5 T L
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o'*'Shared or M'family' costs arise from derivative versions of a vehicle.—.é. g.,

the "Atlas family, "* " Titan family, " and "Agena family." In these cases certain
""‘costs.are intradependent and are handled appropriately by the models.

¢’ "The integrated vehicle assignment .and budget smoothing program provides a.
powerful tool for the advanced planner. With data input for missions and
-stages (or vehicles) under consideration, the model can assess various
alternatives and provide data for planning decision. Variations of interest
include different budget ceilings, mission priorities, alternative mission models,
constrained launch windows, and other factors. Interaction befween.the vehicle
.assignment model and the budget sfﬁ-oothing model ensures that a least-cost
program is provided for smoothing in each case.

® On a single run an optimal vehicle-to-mission assignment, the total progra‘ﬁ
cost and an array of data relating to this least~cost program is output. By -
iterative runs, sensitivity to variations in input parameters .can be determiﬁeq.
While run time is normally short, it is desirable to assess the effect of input -
variabilify on a single-run basis so that a parametric family of outputs cansbe
provided by a single run. It is recommended that the model be modified to'

provide this capability.
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