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ABSTRACT

A model is developed for solving the optimization problem created
shen e manufssturer presents management with numerous proposed modifica~
tions which will improve the system effectiveness of an existing systez.

The optinization is consirained by the physical limitations of the system

and by a limited budget. Sysiem effectiveness is defined and discassed

R

in detail for an anti-submarine aircraft systei with reliability consii-

e

ered the single most important factor. The model iransforms ihe problem
into an integer programming problem, and a numerical example is provided

{0 demonstrate the versatility of this model.
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I. INTRODUCTICR

Rapfdly growing sophistication and complexity of the weapons systems
in the military arsenal teday hau greatly increased the difficulty in
comparing diffexrent systems designed i¢ pexrfom similar missions and the
‘difficulty in optimizing weapons system effectiveness improvements within
-one -gystem. One such complex system, in nezd of some improvement, is the
Navy's P3-C Orion, an anti-submarine wazrfarz sireraft.

In a complex electronics system, such as the P3-C, a majo> portion of
ii{s systen effectiveness is dependent on its relial:ility. Hence, 2 model
was sough? that would be applicable to optimizing the reliabiliiy of a
system and, at the same time, that could be modified to include any other
factors in the measurement of system effectiveness.

This pzper conslders the problem which faces management if the mamu-
facturer submits some 100-200 proposed mroedifications which will increase

the reliability or some capability of the system. Assvming there are
ecnstraints on the budget available and weight increases allowed on and
welume gvailable in the aireraft, the problem which mamagement rust solve
is defined as follows: maximize some measure of weapons system effective-
ness,; smibject to the budget, weignt 2nd volume consiraints. The mudel

hexreiy ¥ill help provide an answer for that problem.




II. WEAPOKNS SYSTEY EFFECTIVENESS

A measure of the effectiveness is the primary prerequisite before ax;y
atitempt can be made to compare different systems or to consider improve-
ments within a single system. The most logical measure of effectiveness
for an anti-submarine system is how well can the systenm catch a submarine;

~0Fry~given a submarine is present, what is the probability that a crew in
the aireraft can successfully acquire, identify, localize and kill the
submarine within the aircraft's flight time capability.

4 standard mission will be consider=d as two hourse flight time to
station, eight hours on station, and iwe hours to returm to base. The
target %i1l be a standard, undefined submarine and an average crew, 21so0

: wndefined, will be aboard the airerafi. Weapons system effectiveness
(henceforth ¥SE) is now -defined 2s the probability that on a standard
mission an average crew is able to acquire, identify, localize and kill a
standard sulmarine succe * fully.
In order 1o statie a precise formula for WSE, the following definitions
are necessary:
R Relizbility of the aircraft, i.e., the probzbility that all re-
%uiized subsystems remain fully operational for the standard nission
A The probability that the equipment on board will acgquire informa-

tion indicating a target is present, given that the zaircraft remains
operational

I The probability that the information is sufficient to allow iden-
tification zs 2 sobmarine, given the =ircraft remsins operational

v L The probability that the submerine is localized accurately enough
that an attack rnay be made, given the aircraft remains cperational

K The probability that an attack is successful, given the aircraft
remains operational

&

Capability of ithe crew, i.e., the probability thai the average
J * 1 v
L .

crew will successfully accomplish the absve four porticns of the




-mission, given that the aircraft remains operational and given that-
the equipment is successful in accomplishing the four portions of the
mission

Assuming that the four portions of the mission are independent, WSE
is defined gs the product Rx AxIxL xK x C. The problem which man-

agexent mast solve is:

¥aximize: RxAxIxLxXxC
Subject to: 2 Costs ($) < Budget (B)

S_Weights (w) £ Weight Allowance (W)
T Volumes {v) < Volume Allowance (V)

ITI. BASIC MODEL

Agsome that the aircraft can be divided into 22 independent, separable
subeys-~ms of which 15 ars considered critical to the A3SW mission,

Since tie 15 critical subsystems all must function for the ASW mission to
be successful and since they are independent and separable, the reliabil-
ity of the system can be represented as a 15-component series system. It
will also be assumed, al this point, that the marufacturer has not pro-
posed any modifications which will irprove the aircraft capabilities nor
are any proposed which will improve crew capability. ILet Ri be the re-
1iability of the i%h critical subsystem, the objective function has

15
beconme 21‘1 B;.

In order to solve even this reduced problen by conventiocnal methods,
the entire probtability function for all 15 critical subsystems wculd have
to be defined, and the various combinations of improvements tried. As the
nunber of proposed modifications increases, the number of possible com-
binations becomes rapidly unmanageable even for a computer. Therefore,

a more efficient method of solution is required. Define as follows:

. s voas s . . . Lth
0d (13) ¥odification i to %he i~ subsysten

4

]

RS Present reliability of the 15 subsystems in series

2




=

Rt i3 Beliability of the ith subsystem after modification jhas been
- made
BS, 3 %eéliability of the system if one modification, ¥ed (1j), has
en made
D RS,, - RS Reliability increase from ¥od (ij) per unit
i3 —lﬁjs— reliability before the modifiecaticn has been
made
| (ab) Trow)
Maoke Mod (ab BS., =(TT R,) xR
to the systes ab g 4 ab
ifa
( ’1!2 ) ( 7 )
Reliability RS , - RS = { R Rt . - T R R
increase ab i=1 i ab i=1 i a
ifa ifa
- = L
By = B5 = ( oq ! (R'zp - By)
ifa
15
( ;!1‘1 R ) (=, -R)
Fow divide BS . - ES ifa
by RS —'8"%?—— = Dab =
AR
(T R )x=r
$m1 i a
ifa
Rt - R
ab a
Da'b = R Eg. 1

Corsider ¥od (ab) which is a change to a compopent shich must work in

- order for its respective subsystem to work. The reliability of the sub-

system can be represented as a series system with iws components: the

subsysten ninus the component bteing modified in series with the component

being modified.




£ reliab)
of old
1 comp
reliability = Rw Let 4
Bne' = reliadb
. of new
N . : L cOﬂp J
subsysticnm component
without being
component modified

Figure 3-1. Simple Series System

“Ry= B, X Rja

R'ab = R'o x Rnew

Reli;'nbigge B'ab - Ra - (Rvo x Bhev) - (Rwo x Ro.‘ui) = Rwo x (%ew = Rol;l)

t - -
Now div;de R p-BR LR, X (Bne' B, a)
by Ra R R, xR
a (s old

T Rnew - R4

. old
Rta‘b - R Bew = Bola
From »,-" R - R 1o Eq. 2

Eq. 1

The important result from Eq. 2 is that ZDi 3 is a function of the old

and new relisbilities of the component proposed for molification only.

Hence, for proposed modifications to components which mmst function for
the mission to be successful the Di j's are constants and are computed
simply by Eq. 2.
Next consider a compcnent proposed for modification which is in par-
- allel with one other comronent in its respective subsystem reliability
representation; i.e.; either the component proposed for modification or
one other (or both) must work for the subsystem to work. The reliability

re.presentation would be as follows:




(- -
R = waliab
]9k or e
— comp
pthen
coap Let ¢ Hneis - :;1312:
3!
fg..iability = Rm _ e comp
R = reliab
:ﬁjﬁ :em ! i of othej
component comp
components being
modified

Figure 3.2, Simple Paraliel System

Algebraic nanipulation yields:

a1"'1)‘newx(1"ﬂ1) 1

The result is not quite as simple as By. 23 however, JJJ.J still depends
on the component proposci for modification and the one in parallel with it
only. Simiiar equations may be derived for all cases where the cqmponent
being modified is in some formr of parallel reliability operation with
other components. In all such cases, Dij is a function of the component
and the ones in parallel with it only, Furthermore, the ])i j's will remain
constant throughout the optimization if there are no pairs of proposed
rodifications involving components which are in some form of parallel
reliability operation with each other., This temporary restriction will be
eased later in section IV.

Consider an wnconstrzined maximizaticn of reliability if only ome
modification is allowzd to be made. The modification which gave the
largest increase in reliability would be the cne chosen. Tnis modifica~

{ion would also give the largest If only two mcdifications were

Dij'

allowed, all combinations of two nedifications woulsd need to be tried in

10




order to find the pair which gave the largest increase in RS. However,

1f the largest Di 3 were chosen, then the second largest Di 3 were chosen,
the modifications corresponding to th- two :Di 3
-~ a function of the increase in RS for

's would also give the
largest increase in RS since Di j -
¥od (1j). This process would be the same as finding the maximum 2:91 3
given that only two were allowed to be chosen. One can use simple induc-
‘tion to realize that for any given number, say n, of allowed changes to

be-made that the same set of Nod (ij) would be chosen by either maximizing

RS or 2. B; 3¢
o
15
Moximize: RS = T Ri Maximize: i Di
i=1 is an 3
equivalent
Subject to: n modifications optimization Subject to: n mods
are allowed to to allowed
be made

Next consider the constrained problem which is to maximize the relia-
bility of the system subject to the budget, weight and volume restriciions.
e 5 $ cost of Mod (ij)
Let: w 3

Yij

= weight cost of Mod (1ij)

= volume cost of Mod (ij)

Now ike optimization becomes:

15
Maximize: 7T Ri
i=1
. : . <
Subject to: F i3 = B the sumatiox}s are ov:)sr
. the get § 1j{ Mod {ij
<
2wy =¥ is made}
}:vij £ v '

Transforming the objective fimetion into the Dij form and defirning a

variable Xi'; = 1 if Yed {ij) is rmade to the system and X;4 =0 2f Mod {i3)
& had

i1




is not made, the optimization may be stated as the following integer
programming problem:

Maxinmize: z Xi j x Di j
Subject to: 3 X 3 x Cyy < B
)’.Z...” x 'ij < W
P Xi 3 X Vg z vV
-Since -algorithms -already exist for .computer solutions to integer pro-

gramming problems, this paper will not discuss integer programming

algorithms except to suggest that an applicable algorithm for this model
may be found in reference (1).

IV. RESTRICTED BASIS ENTRY

A restricted basis entry rule will allow the restriction on modifica-
tions of components which are in some form of parallel reliability to be
removed. However, one extra variable will be necessary for each such pair

of proposed modifications. Consider the following relisbility disgram:

comp 2 R1 = reliadb
%% or c1a
old comps
relisbility = R I Let
wo R1 = Yyeliab
R2n ew of new
subsysten new compg/)
without comp 1

components

Pigure 4-1. Simple Parallel System

Letting ¥od (i) te the modification to component one, Mod (i2) be the
modification to component two, and Mod (i3) be the modification correspond-
ing to the modirications of both components, the caleculations for the

respective D, .'s are as follows:

ij
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o . Boat By (1 -Ry4) 4
L B2 yg + Riqq (1 - B2.54)
D - mold + Rz'zew (1 - mold) -1
i2 Blog * Bgq (1 - Blg,)
D mnew + Rznew - (mnew X R2mzwv) -1
= 7
i3 Rlja + B9 = Rl * B24)

A restricted basis entry rule will 2llow only one of t »ve three
modifications to be in the solution at any cne time. For i ammy modi-
fication the coste would simply be the sums of the respective costs asso-
ciated with the two modifications which the dwmmy represents. If more
than two proposed modifications happen to be in parallel, a similar method
would be employed utilizing more duwmy modifications torepresent the
various combinations.

Another example which requires restricted entry is as follows: one
proposed modification would-replace the entire radar transmitter-receiver
and antenna system, but there are also proposed modifications which only
affect one component of the old system. It is obvious that a contradic-
tion would exist if the modification which replaced the entire system and
any other modification to the old system were in the optimal solution at
the same time. The restricted basis entry rule wounld not allow contra-
dictory modifications in the set of optimal modifications. A further wve
for restricted basis entry would be to disallow two (or more) modifications

to the same component to be in the opt.mal set.

13
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V. MODIFICATICNS TO THE BASIC MODEL

A, SUBSYSTEM SEPARABILITY

It was originally assumed that the 15 critical subsystems were inde-
pendent and separable., Although independence among the failure times of
the components is a necessary assuaption, the subsystema 4o not need to
‘be secparable. If the components proposed for modification can be isolated
from their respective aubsystems, then they cun alsc be separated from the
entire system. Therefore, the system may be co:.asidered as & whole and the
Di 3'8 may be calculated by merely isolating the components into their
simplest series reiiability operation with the whole system. Hence the i

subscript, indicating the subsystem being modified, may be dropped and the

Di 3’8 simply become D j'8° This will 2llow the model {0 be used for systems

which cannot be separated into separate subsystems.

B. REDUCED CAPABILITIES

Thus fer only a sysiem which is either working or failed has been con-
sidcred., VWhereas this simple model may be representative of a tank or an
amphibiocus landing craft, most more complicated weapons systems have sev-
eral reduced capablility modes of operation in addition to a fully opera~
{ional mode. Therefore, a redefinition of WSE is necessary in order to
include reduced capability modes of operation in this meodel.

First the several levels of oreration must de defined. PFor this model,

- three levels of operation will be considered in addition to¢ the failed

mode: fully operational, secondary mede, and tertiary mode, The relia~
bility function mst be developed for each level of operation. Only
Pieces of equipment which, if failed, would cause the system {0 go into a
reduced capabiliiv mode should be considered; e.g., since the computer is

essential to all three nodes of operaticn, it shouid be considered in the

L




reliability function of all three modes; whereas the failure of the inertial
navigaticn system will cause the syastem to be reduced to the seccndary
mode, and hence shouvid only be considered in the reliability function of
the fully operational mode.

Row the Dj's must be computed for each proposed modification from the
reliability functions of each mode of operation: e.g., there would be a
D1 5 2 j and D3 3 computed for a modification %o ihe computer, but only a
mj (D2jxand D33nunuld,be 0) for a modification to the imertial navigation
systen.

Next, the four system capabilities, acquisiiion, identification, local-
ization and kill, must be determined for each mode.

Lastly, a weighting factor must be determined for each mode of opera-
tion which should be some measure of the probability of remajining in each
zrespective mode for the mission. These weightings should sum to one. At
first glance i4 would aﬁpear as though the weightings would be merely the
reliability for the respective mcdzz ¢f operation, given the system does
not abort. However, if a piece of equipment which is essentizl to the
long-range navigation subsystiem fails after the aireraft is on station.
the capability for catching the subparine has not veally been affected.
Hence the method of determination of the weighting factors must be care-
fully considered by the manager. One possible set of weighting factors
would be as follows: W1 = probability of remaining fully operational for
at least half the mission given the system does not fail completelys
W2 = probability that the system is in the secondary mode of operation for
at least half the mission given that the system does not fail completiely;
and 3 = 1 - (W1 + W2).

Define as follows:

-~

- Rr1 Reliability of the sysiem operating in
R2 fully operational, secondary and tertiary
R3 modes, respectively
15
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A1, I1, L1, X1 Sume g8 In . originyl Aearription of WSE, but
A2, 12, L2, K2 reflecting the capabilities of the varicus levels
23, I3, L3, K of operation

D1

J Same as mreviously, except to reflect the effect
D2 3 of Mod {j) For the various levels of operation
D3 3
Kows
¥SE={R{x At xT1 xLi xKixWi)+ (R x 42 x I2 x L2 x K2 x W2)

= {
+(R3 x A3 x I3 x L3 xK3 x¥3)

And the optimization becomess
Haximize: %_ Xj (]}13 XW® + D2, X W2+ 333 x ¥3)
3

Subject to: Same constraints

c. SYSTB{ CAPABILITIES
In orxdexr to considsr modificaiions which will improve the syster
capabilities, the following guestions must be considered:
1. Is there more than one cype of mission?
2. If a new piece of ecuipment is added to the system, how will this
affect reliability?
3. Can systen capability bte neasured accurately encugh?
In considering various mission types, i.e., diesel sutmarine as opposed
{0 nuclear submarine as the target, the capsbilities of the gystem showmld
be significantly different. TFurthermore, if different eguipment must be
used for di<ferent mission tyves, then the relizbility function will de
different for the different mission types too. For this model two missions
will be considered Mission one and Mission two. It is assumed that the
Probability of the system being tasked to a type one or a type iwo mission
- are known.
M1 = Probability of type cme misasion

¥2 = Probability of type two mission = 1 - K1

18




D:} at Defined as previously except to reflect the effect of
by}

Jm2 ¥od (3) on a type ose or %two mission
The optimization becomes:

Maximizes 3 X (D, . x¥1+D

x M2)
3 dVim

.
I o2

If a completely new piece of equipment ie introduced into the system,
in order to increase system capability, the effect on system reliability
sust also be considered in the calculation of :Ds. Two cases are consid-
ered: u replacoment piece of equipment is put into the system which
improves capzability and changes reliability; and a new piece of equipment
is added to the system replacing ncre but improving system capability.

If a modification replaces a component and changes system capability,
then D 3 will have more than one component. The D-value is first computed
for the reliability change (if reliability decreases then this D.-value
will be negative). Kext the D-value is computed for the change in the
systen capabilily, acquisition, identification, localization or kill,
wnich is affected; and if more than one capability is aifected, a D-value
is computed far each efiect. Dj is merely the sum of the D-values computed.

If 2 wodification only adiis a new piece of eguipment, improving capa-
bility, D;j is computed normally. Feowever, an adjustment most be made to
the computed D 3 to veflect the relizbility of the piece vf egipment. For
exerple, 1T the reliabiliiy of the new piece of eguipment were .95, then
the D 3 used iun <he cptimization should be .95 x D 3

crease in the Dj compensates for the fact that the increase in WSE from

as computed. The de-

this particular codificatior. would cnly be realized 95% of the time.
Care must be exercised tefore deciding to introduce system capabilities

into the podel. As with erew capability, wnless the measuremenis are of

17
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the puue degres of precizion as the measurements of reliability, then in-

accuracies will de introduced into the optimization.

D. CREW CAPABILITTNS

Introducing crew capability into the model is simple if, indeed, crew
capability can Ye meamured, if meaningful modifications can be propeosed
which will change crew capability, and if the change in crew capablility
can be precisely measured. The prodlem of including crew capability in
the model thus becomes a problem in human factors. Assuming there is a
valid measure of "averaze" crew capabiliiy, one possible modification
might be to increase the training period for crew members. ' The increased

training shoulé logically increase crew capability, but how much? If pre-

cise measurzments are not pessidle, which they are no¥, it would be better
to consider modificationz which affect crew capabiliiy and crew comforxt
as a separate problesm,

The Dj's as computed {or religbility change are fairiy precise guan-
tities as should the D j‘s for modifications affecting sysiem capability
be also, btut the Dj‘a computed for crew capability medificailions cammot

be precise. Therefore, crew capability modifications will not be com-

sidered in this model.

B. COMFLETE MODEL
The final model including reliadbility, systiem capabilities, two nis-
sion types, three levels of operaziional capability, bui not including

crew capability, is as follows:

B




Vieapen System Effectiveness (WSE) =

(mm M,z x L XKl x W x K1)

1

2 « X2 . % W2
+ (Rzmxf&cmxIZ‘IxLzm,,.cK_m z ¥2 x M)

n H 1

+ (RBm x Aim x an x 13, x K32n1 x W3 x M1)

msz‘lmzxL‘l

+ (1'52mz x A2, x 12

+ (mmzxm x X1 x Wi x M2)

n?
x L2
m

2
xK2mExW2xE2)

2 2 2
+ (R}mzxA}mzxzamzxmazxxsmzxmxxz)

and the inieger prugran is as follows:

- '
Maxing zes ‘j'i_‘['_xj 5 \n1jxw1+nzjxw2+n3jxw3ﬂ
m2

Subject tos 5 3 <

M
Fo]
]
N
|
to

Xi.xw, &W

X, xv, £V
Zj: J R

xj = 1 if ¥od (j) is made

xj = 0 if ¥od (3) is not made

VI. APPLICATI(US

&. EEQUIERMENTS

This model can be applied to any system vhose effectiveness can be
precisely defined and determined. The most important requirement is that
the components which are proposed for modification are able to be isolated
into sone form of series reliability with the rest of the system.

It will be required that the manufacturer provide the following ine

formation: Yod #, =zonputed Dy Csr ¥ 'srj, and any othexr Hod #'s which

B3y not be in the optimal set st the sa=s nme., See Teble 6-1 for z2n
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exsmple of the information and suggested format, The D j's ahould all be
positive, since a negative Dj would indicate a change whicih would reduce
xeliability or capability. The D i's will de of a magnitede of GOt to .Oi.

Tho cj's should z1.. be positive; tut the wj‘s and ?3‘3 may be either neg-
ative or positive. For instance, a negative weight cost would imply that
the new component is lighter than the old one.

‘ Although the budget constrsint is self-explanatory, it should be con-
gideved the most flexible :onstraint. That is, although there may be s
gpecific amount of money set aside for improvement to a certain systenm,

no physical laws prevent more or less money fmm becoming available. EHence
a different set of optimal modificetions may be found for several budget
levels.

It smmust be assuved that, since the manufacturer is suggesting the
modifications, they will all be individually feasible and able to be in-
corporated into the system. Considering an aircrafi as the system to be
jmproved, it will be assumed that the volume consirsint is a rigid one,
since only so much total physical space is available in which to place
components. The weight constiraint will also be assumed to be rigids even
though engineering safety limitations on maximum gross weight of an air-

craft do include a safety margin, thus possibly allowing some leeway.

B. AR EXANPLE

The following problem is offered for illustrative purposes only.
Whereas it is considered typical of a problem such as has been discussed,
the example has been greatly simplified.

The system which is to be improved is a system with @y one mission
type, has only two operatirg modes, operational and failed, and only one

sysien capability Jefined which is the probability of killing u» target
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given that the system remains operational. Cxrew capability is not con-
sidered. The edditional weight allowance avalladble is 15 units, and the
additional volume available is 65 wnits. It is assumed that the budget
available will be $34; however, management feels that aeveral.levels of
funding should be considered. Making the transformation to the integer

programxing form, the problem may be defined as follows:
Maximize: 3 Xy x Dy

Subject to: };xj x ey £ B

z‘_xj xw, 215

ijxvj < 65

The manufacturer's proposed modifications may be found in Table 6-1,
but no description is available. It should be noted that Mod (2) is in
parallel with ¥od (3) and a dwmy modification, Mod (6), has been intro-
duced, Note also that Mod (1) has a negative weight cost. Prior to a
computer scolution utilizing an integer programming algoxrithm, certain
properties of the problem can be analyzed to determine whether or not com-
puter techniques are necessary and to determine whether or not all the
consiraints are necessary. By dividing D 3 by cj the marginal dollar efw-
fectiveness of Mod (j) may be computed. The marginal weight effectiveness
and marginal volume effectiveness for Mod (j) may also be computed. The

marginal effectivenesses are also in Table 6-1.




J - y ooy D j/c 3 D J/w 5 D j/vj gzzt;:’lzted
1 0020 1 -20 5 .002 -.001 0004

2 L0030 S 1.0 5 .0006 .003 .0006 3,6

3 .0036 12 2,0 12  .,0003 ,0003  .0003 2,6

4 .0044 4 4 4 L0011 01 0011

5 .0050 10 2.5 5  .0002  .CO2 .001

6 .0051 17 3.0 17  .0003  ,001T  .0003 2,3

7T L0052 13 4 4 .0004 013 0013

8 .0052 4 .2 13 0013  ,026 .0004

9 .0056 8 .1 7 .0007T 008 .0008

10 .0060 5 3.0 2 .0012  .002 .C03 -
11 .0060 12 1.5 6  .0005  .004 .001

12 0063 7 20 ¢  .0009 .0031  .0007

13 .0064 8 4.0 16  ,0008 ,0016  .0004

14 L0080 2 0.0 2  .004 wdef  .004

15 .0150 3 6.0 5  .005 .0025  .003

Table 6-1. Inputs from Manufacturer

Ordering the modifications in decreasing order of marginal dollar
effectiveness and considering that the modifications sre made in that or-
der will generate the table in Table 6-2. Similar tables may also be
generated for marginal weight effectiveness und for marginal volume ef-
fectiveness., Since the constraints on weight and volume are assumed to be
rigid, it is obvious that for any budget not greater than $42, the optimal
set of modifications can be taken right from Table 6-2. The optimization

has simply become:

Maximizes f_Dj/cj
Subject to: cy £ B
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Total Dollar Total Weight Total Volume

- Mod # Cost Cost Cost
15 3 6 5
14 5 6 7
1 6 4 12
8 10 4.2 25
10 15 7.2 27
4 19 7.6 31
12 26 9.6 ' 40
13 34 13:6 56
9 42 14.3 63
2 47 15.3 68
1 59 16.8 74
1 72 17.2 78
5 82 19.7 83
6 94 21.7 95
Table 6-2. Ordered Marginal Dollar Effectiveness
From a similar set of tables for ordered marginal weight and volume
effectiveness tables, it can be shown that, for any budget of $73 or
greater, the budget constraint is no longer really a constraint; or in
other words, that for the rigid weight constraint of 15 and volume con-
straint of 65 a budget constraint of at least $73 will never be violated

. even if the optimization were not to consider dollar costs.

C. SUMMARY
Summarizing the insight gained from {he example, it has been showmn
that for a budget of $42 or less that the optinization prodblem is & one-

constraint problen znd can be done sinply by hand. TFor a budget of 8§73
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or greatex, the optimization is reduced to a two-consirain® problem which
greatly reduces the iime required to solve by iriteger programming methods.
~Hence, only for budget values between $42 and $73 must all three constraints
e considered. l

In an actual protlem, it might be the case i .} sither the weight con-

straint or the volume constraint might be so restrictive thaz the other
night not neced to be considered; or it might be the case that either con-
pstraint aigat be so loose that it need not be considered as a real cone-
straint. ¥ox example, if the volume constraint in the example problem
were relaxed to 75, it would no longer be a real constraint for the weight
constraint of 15 and the given set of modifications. Conversely, if the
volune constraint were tightene;i to 57 for the same weight constraint of
15 and the same set of modifications, then the weight constraint would no
longer be a real constrazint io the optimization,

" This metihiod of nonstraint analysis is simple to perform for this model,
and the smomnt of work required ¢f the computer to compute optimal sets of

modifications for several budget levels may be greatly reduced.
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