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ABSTRACT

this research is intended to improve the author's previous alaorithm
for solving an optimization problem connected with the determination of
the composition of a War Readiness Spares Kit. The problem was formulat-
ed as a discrete minimization model with two nonlinear constraint
functions, of which one is nonseparable.

The solution algorithm is modified in several aspects including
selection of a good initial kit composition, improvements in convergence
toward a global optimum and refinements in programming techniques. A
branch-and-bound technique and a univariate search method are incorporated
into the algorithm and a numerical example is given.

Computational results show that the revised algorithm is improved
in computational efficiency. However, some factors must be considered in
order to enhance the capability of the algorithm for solving practical

problemsi
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I. INTRODUCTION

This research project is a sequel to the author's previous work [1]
that developed an algorithm for solving an optimization problem connected

with the determination of the composition of a War Readiness Spares Kit

(WRSK). The problem was formulated as a cost minimization model with non-

linear constraints in which the decision variables are required to be
integers.

The model and its variants are rather appealing to the optimization

theoreticians as well as to the logistics practitioners. Theoretically,

they belong to a class of discrete optimization problems which at present

have no efficient solution algorithms. In application, this model can

represent many important concrete probiems in the logistics area [2,3].
The purpose of this research is to improve the efficiency of the

rudimentary algorithm which was previously proposed by the author [1].

The problem under study will be briefly described and its associated

optimization model will be derived in the next two sections. Section IV

will describe other approaches to this problem and will review the pre-
viously proposed solution algorithm to our optimization model [1]. An

improved version of the algorithm will be presented and illustrated by a

numerical example in Section V. Finally, computational results and conclu-

sions will be reported in Section VI, and a 1isting of FORTRAN programs for
the algorithm included as an appendix.




II. PROBLEM STATEMENT

A War Readiness Spares Kit for an aircraft squadron consists of
selected spare parts required to sustain its wartime activities during
the period when the squadron is operating under a "remove and replace"
maintenance concept. Any items that fail in the aircraft are removed from
it and replaced with spare items from the kit or with serviceable items
from another "down" aircraft. These down aircraft are referred to as
NORS (Not Operationally Ready, Supply) aircraft. The problem is to deter-
mine the quantity for each selected item to be placed in the kit so that
the total cost per kit is minimized while maintaining a desirable level
of unit readiness.

Two criteria are currently in use for measuring unit readiness:
(1) the expected (or average) number of NORS aircraft and (2) the total
of the expected shortages for all items. The expected NORS seems to be
more logical [4] in terms of measuring the readiness of a squadron,
whereas the total expected number of shortages is easier in computation
and is a traditional method used by Air Force supply personnel. Both
measures of readiness are concurrently used in practice. However, con-
fusion may arise whenever the performance of a kit is satisfactory in one
measure and unsatisfactory in the other. As a result, a combined measure
has been proposed [1]. The optimization model derived in this study is

based on .this measure.




ITI. AN OPTIMIZATION MODEL

The WRSK problem can be formulated as the following optimization
model: Given certain acceptable levels of expected number of NORS air-
craft (b]) and the total expected shortages for all items (bz), find a kit
composition, X = (x], Xos ==s Xi» == xr) such that the total cost is
minimized. Mathematically, the model is one of a class of discrete

resource allocation problems;

-~

& Geky

Minimize (X)) = %
’l:

1
Subject to E](X) < by
EZ(X) <b, (1)

x; 2 0 and integer

where:
Ny quantity of a line item, i, to be placed in the kit
c; = unit cost of line item i
E](X) = computed value of the expected number of NORS aircraft at
composition level X
EZ(X) = computed value of the total expected shortages at composition

level X

The model is an n-dimensiona! discrete optimization problem with two
nonlinear constraints. Logically, the constraint functions must be de-
creased as the number of units in the kit increase. The decreasing prop-

erty will become more evident when the functions of Ey(X) and Ep(X) are

algebraically defined.

Assumptions

The following assumptions are made in the derivation of E](X) and

EZ(X):

3
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1. The number of failures for each line item within any time in-

terval is a random variable which follows a Poisson distribution.

2. When a failure (or demand) of a part cannot be filled from the

kit, then it is satisfied by removing the needed part, if

available, from an already NORS aircraft. Thus, parts shortages

are consolidated on as few aircraft as possible.

3. A1l down aircraft have approximately the same number of ser-
viceable items.

4. Every item placed in the kit is essential to the operation of
an aircraft. Failure of any such item could cause a NORS air-
craft.

5. All items are independent in the sense that the failure of any

item does not affect the failure of any other item.

Expected Number of NORS Aircraft

Under assumption 1, the number of failures which occur in a unit
time follows the Poisson distribution with mean . If q(j) is the prob-
ability of exactly j failures in a unit time, then:

g, » A e
J J!

and the probability of i or fewer failures is:

Q(i) = ;, qj
j=0
Let n be the number of down aircraft for lack of essential parts
and a be the quantity of item i available in each aircraft. If item i
has X; spares in the kit, then under assumptions 2 and 3, there are a

total of (x,.I + nai) spares available for replacement of item i.

T
: 3

Ny

S ™ TR A = Ry AT IR TR . 5




J
Since each item is essential to the operation of aircraft (assumption
4) and all items are independent (assumption 5), the probability of n or

less NORS aircraft is:

Q. (x.

(x5 nai) where r = number of item types
1

N ==

i

and the probability of exactly n NORS aircraft is:

] Q;(x; + na;) - ; Q; (x; + (n-1)ay)

11

Bl =y =y
n |-

i 1
Then by definition, the expected number of NORS aircraft in a squadron of

N aircraft is:

N r r
§00) = L0 [NQu(x; +nay) - HQ;x; + (n-T)ay)] (2)
Note that:
r
I Q.(x, +Na,) =1
jap. P i

Expanding and rearranging (2), we obtain the following expression:

N-1 r
E](X) =N- I i Qi(xi + nai) (3)
n=0 i=]
where: Xi+"ai
Q.(%, +na;)» I q.
bR i i=1 Jj

A function F of several variables, X1s Xos wens X, is called separa“is
if there are n functions, f], fz, iy fr of one variable each, such that
r
F(x], Xos oo Xr) = .§ fi(xi)
i=1
A very pleasant property of separable functions is that they may be

optimized one variable at a time. This property can lead to considerable

savings in computational time; in fact, it can make the difference between
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a possible and an impossible computation. For example, if r = 100 and
each of the variables X1s Xos +eey X, cCAN take on 10 different values,
then we need only look at 10 values of Xy in order to optimize f], 10
values of X, in order to optimize f2’ and so on, leading in total of 1,000
different vailues of variables X1s Xps ey X This is a possible task.

r
100 different

If F is not separable, however, we must look at all of the 10
values. This is an impossible task even on a modern high speed computer.

Unfortunately, the problem we have here is nonseparable. Note that
the number of aircraft (N) in a squadron is a constant. The second term
of E](X) is a nonseparable function. This nonseparability causes the
difficulty in computation because the state of the art of the solution
methods to this problem is still primitive.

Another property pertaining to the function E1(X) is that it is

monotonic decreasing. This can be verified easily. Consider the differ-

ence in functional value when X; (i=1, 2, ..., r) increases by one unit,
E](x],xz,...,xi+1,...,xr) - E1(x],x2,...,xi,...,xr)
K ) (4)
=- ¥ q Q. (x.+na, 4
n=0 Xjtna;+l B B

Since q and Q are respectively Poisson probability density function
and cumulative probability function, they must be strictly positive unless
q,=0 or Q(-)=qw. In our problem, we deal with a finite number of n and a;
which implies that both q and Q are strictly positive. Therefore equation

(4) is strictly negative, and the function is monotonic decreasing.

Total Expected Number of Shortages

Now let us define the total expected shortages for all items. A

shortage occurs whenever the number of demands (or failures) exceeds the




7
number of spares in the kit. The total number of demands for a squadron of

N aircraft cannot exceed (Na1 + ki)' denoted by j Then by definition

max’
' the expected number of shortages for item i alone is:
- T (5)
f, L Ji=x:) q. + (J_ . -x - SR A 5
i Ji=xi+] j ji max i j1'0 J;

The last term of (5) is a correction factor for the tail of the
Poisson distribution.*
Then the total expected number of shortages for all items can be

obtained by summing (5) over i, i.e.,

E f. (6)

X) =
] ‘

2( :
i

" 93

Fortunately, the function of EZ(X) is separable. It is also a mono-

tonic decreasing function, since

Inax
= - ) Qs <0 (7)
Jexg+1 Y

where ey = the unit vector with 1 in element i.

*An alternative method of treating the truncated tail is to normalize
the probabilities by dividing the first term by:

Imax
. & qQ;

§y=0 i
Since the selection of the correction methods is not the primary concern
of this study and since (5) is currently being used in D029 of the AF
Logistics Command, we shall use that definition henceforth.

————




IV. EXISTING APPROACHES AND SOLUTION ALGORITHMS

In this section, two approaches currently in use for the determina-
tion of the kit composition are discussed. Additionally, a previously

proposed solution algorithm to our optimization model is presented.

Conventional Method [5]

Traditionally, the kit is composed of the essential items in the
amount of their respective mean failure rates per x number of flying hours.
This is rounded to the nearest integer number provided that every item
type has a minimum of one unit per kit.

The advantage of this method is its simplicity in computation. How-
ever, the kit composition thus determined may be far from the optimum
because it completely ignores the requirements of meeting acceptable levels

of readiness and budgetary limitations in allocation of the spare parts.

Marginal Analysis [5]

The method of marginal analysis (or incremental analysis) is an
iterative procedure consisting of the following basic steps:
1. Begin with the empty kit composition, X° = (0,0,...,0), and set
v(x°) = o,

2. At iteration t, compute the change in performance per unit cost

for all i,
v(Xt']) - v(xt'1 + ei)
A = - (8)
i
where
V(X®) = arEy (X%) + En(X®) (9)

8
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3. Find j = {i| max Ai}’ and compute:
128) 2500 ol
t t-1
X" =X + e,
o

2(xt) = z(xt1y + ¢

4. Increase t by 1 and repeat steps 2 and 3 until max Ai is equal

TV

to 0, or exceeds the prescribed allowance.
Conversely, we may begin with a large initial kit composition and
decrease one unit at a time in the direction of minimizing Bss until no

reduction is possible. Existing kit compositions may also serve as a basis

for incremental adjustment. When a large initial kit surpasses the accept-
able readiness level, the decrement version of the method is used; when
the kit composition falls short, the increment version is utilized.

The basic method of marginal analysis and its variations consider
the cost of a kit as well as the improvement of the readiness by both
measures. However, different initial kits will result in different final

kit compositions, which, in turn, vary greatly in terms of cost and level

of readiness.

Another problem of the method is in the selection of an appropriate
weight (a) for formula (9) since it also affects the final solution.
Empirical computer tests [1] of different combinations of the initial kits
and a-weightings indicated that the differences in final kit compositions

were very significant.

Original Algorithm

An algorithm was proposed by the author in his previous work [1] in
an attempt to find an optimum kit composition. The algorithm utilizes the
computational efficiency of marginal analysis to determine a good, feasi-

ble kit by trying various combinations of initial kit compositions and

———
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weights. The final solution thus obtained is referred to as a local or
relative optimum (denoted by X°) since X° yields total cost Z(X°) <
Z(X°1pi) for all i while subject to E](X°) < by and EZ(X°) 5_b2.

The implication is that no reduction in cost is possible if the search
is continued in the univariate direction.

In an attempt to further improve the solution, it was proposed that
a hyperplane passing through X° be constructed and searched for another
feasible integer point. Finding these points turns out to be a knapsack
problem [ 1]. If a feasible integer point is found, then the method of
marginal analysis is again applied to obtain a new local optimum, which is
at least as good as the previous one. If no feasible integer point can be
found, the hyperplane is moved in a parallel manner by reduction of cost.
These two steps are alternately repeated until the amount of the cost

reduction is equal to or less than max cy. The final feasible solution is

a global (or absolute) optimum.

Knapsack Problem

Mathematically, finding the X integer points on a hyperplane is
equivalent to finding X; = 0,1,2,.. which solves

LCix; = * (10)
r

where Z* is the current local minimum cost found by the method of marginal
analysis. In order to apply the existing algorithms for this knapsack
problem, an objective function is added: Min I CiX4e The algorithmic

method used is that of the dynamic programming approach [ 6, 7, 8, 9, 10].

Absolute Lower Bounds

et e el i i

In order to reduce the problem size of (10), a procedure was used to

establish an absolute lower bound for each of the item types.
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Let L, be a lower bound for item i. Substituting x; = x; - L; into
(10), we obtain the following transformed equation,
r r
ifl cix% = I* - ? ciLi (11)

Note that the righthand side of the equation (11) is reduced, as is the
problem size.

We shall now show how the absolute lower bound , Li’ may be cerived from
E](X) < b] and EZ(X) < b2'

Consider the constraint of the expected number of NORS aircraft,

N-1 r
Ey(X) = N - ﬁ ? Q; (xi + nai) < by (12)

To obtain an absolute lower bound for item p, we let all other items be

sufficiently large such that Qi(xi + nai) =1 as g in which case, we

obtain a reduced constraint involving a single variable xp:
N-1
N - nfo Qp (xp + nap) < b, (13)

Note that the left-hand-side function is monotonically decreasing in

x_. Finding the lower bound L' is equivalent to finding the smallest

p p
value of p that satisfies (13). Mathematically,
N-1
L6 = Min {xplN - nEO Qp(xp + nap) < by} (14)
To find L6 computationally, we may begin with xp = 0 and increase
xp‘by one unit until the constraint is satisfied. More efficiently,
the interval bisection method may be applied when the value of L' is

p
expected to be large.

Another absolute lTower bound may be similarly derived from the con-

straint of total expected shortages in (5), i.e.

it e
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- + - + <
c o WpXp) Gp * Nali-Qyix, whap)) < by
J x_+]
p p
Since the above function is monotonically decreasing in x_, the lower bound

P

L; may be calculated by finding the smallest value of p, i.e.

X + Na
L" = Min {xpl — : (jp-xp) q

" a0 - Nap-Q(xp+Nap) < by - Nap}
. A

(15)

p

To obtain a higher lower bound for item p (p = 1,2,...,r), the

larger of Lé and L; is selected.

Summary

The previous algorithm may be summarized by a flowchart shown in
Figure 1. The input datum include the number of aircraft in a squadron
(N), the unit cost (Ci)’ the number of units per item type per aircraft
(ai) and the mean failure rate (Ai) for all item i = 1,2,...,r.

Let b] and b2 respectively be the computed values of the expected
NORS aircraft and the total expected shortages of the composition, deter-
mined by the conventional method. These values will be treated as the
acceptable levels defined in (1). Attempts are made to find a kit composi-
tion that maintains at least the same levels of b1 and bz yet requires a
minimum cost investment.

First, an absolute lower bound for each item i = 1,2,...,r is
established by equations (14) and (15).

Then, a kit composition is determined via the method of marginal
analysis. In order to insure a good final kit composition, many differ-
ent combinations of initial kit composition and various relative weights

(a) are tested, and the best kit composition is selected.




Input

N, Civ A4 Ai

for =1.,2,...,F

/

Determine X by the conven-
tional method and compute
by, b2 and total cost

|

Establish lTower bound for
each item i=1,2,...,r

Find next kit composition,
X°, by marginal analysis

!

Solve the associated knap-
sack problem by a dynamic
programming method

v

Feasible
kit composition

found
7

No

Reduce cost Z(X°)

(éétimum kit found>

Flowchart for the Original Algorithm.
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A knapsack problem is then constructed to generate another feasible
integer solution or point on the same hyperplane (i.e., with the same cost).
If such a solution is located, the method of marginal analysis is again
tried to reduce the cost. When no feasible solutions can be found on the
current hyperplane, the search for a feasible point is continued on a less-
cost hyperplane. The procedure is repeated until the total cost reduction
exceeds the maximum unit cost for all items, denoted by max Cse Any
i search for a feasible solution below the cost, Z°-max Ci» is unnecessary

because of the strictly decreasing property of the constraint functions

and the strictly increasing property of the cost function.

Previous Computational Results

The algorithm was programmed and tested on Honeywell 6000/600 computer
at Wright-Patterson AFB, and later on UNIVAC-1110 at The University of
Alabama. The computational results showed that the requirements of com-
puter memory and computation time increased exponentially as the number

of item types increased. For instance, the computation time for solving a

kit composed of 10 different item types took about 20 minutes in UNIVAC-1110.
A problem of 11 different items, required about 45 minutes. For a larger
problem size, the optimum solution cannot be found in a reasonable amount

of computer time.




V. REVISED ALGORITHM

In this section, the weakness of the original algorithm will be
identified and improved. The improvements include selection of a good
initial kit composition, improvements in convergence toward a global

optimum, and refinements in programming techniques.

Initial Kit Composition

In order to obtain a "good" starting kit composition, the original
algorithm applied the method of marginal analysis to different combina-
tions of the initial kit composition and weighting. This procedure not
only caused computational ineffectiveness but also obtained an unpre-
dictable result. The revised algorithm utilizes the kit composition
determined by the conventional method to serve as a starting point. In
fact, empirical tests show that this kit composition, on many occasions,

is better than local minima found by marginal analysis.

Univariate Search

In an attempt to find a local minimum, the original algorithm steers
the search at each iteration in a univariate direction (via marginal
analysis) that maximizes the incremental gain in the combined performance
per unit cost. Although these moves can finally lead to a feasible
solution, it may however be far from the optimum.

Instead of using marginal analysis, the revised algorithm reduces
the cost within the feasible region by moving in a univariate direction

k k+1 be the feasible

that yields the greatest unit reduction. Let X" and X
kit composition in two successive iterations k and k+1. Their relation-

ship is:
xk+l

15
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where:
k+1 k+1

j = {ilmax c;y E;(X777) < by and E,(X77) < by} (16)

Search Region

The greatest weakness of the original algorithm is in the searching
for a feasible integer point after a local optimum has been found. If no
feasible point is found, the searching must be continued on a family of
parallel hyperplanes. Since the number of integer points on these hyper-

planes may be astronomical, examination of them is computationally intracta-

ble, if not impossible, even if the dynamic orogramming approach is utilized.
In order to circumvent this problem, two remedial actions are taken:

(1) narrow down the cost range to be searched from max c; to min Cis and

(2) restrict the integer points to be searched to those delimited by the

upper and lower bounds for each X and the constraints of (6) and (12).

Hopefully, a large subset of infeasible points (or ungainful points) will

be eliminated from examination. In what follows, we shall validate that

the search is sufficient within the cost range of min Cy-

Theorem: Let E](X) and E2(X) be monotonic decreasing functions and

Z(X) = CX a monotonic increasing function in X, where C = (c],cz,...,ci,...c )

and c; > 0 for all i. Also let X be a feasible solution to problem (1),
) - e

X] eS={X]| (E](X) g_b]) n (EZ(X) ﬁ.bg)}
with cost Z(X]) = CX]. If there exists X3 €S with Z(X3) = CXg < Z(X]),
then at least one XeS, say X2, can be found in the interval

[Z(X]) = Cks Z(X])),
where

Ck = mn C‘i'
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Proof: There are but two cases of X3¢ a:

(1) ?(x]) - €y Z(XB) < Z(X]) and

(2) Z(Xy) < 2(X) - ¢ < Z(Xy)

Obviously, the theovem holds for case (1) if we let X3 = XZ. For case (2),
we prove the theorem by contradiction.

Assume Xy ¢S with 2(x3) < Z(X])-ck and there exists no feasible
solution in the interval, [Z(X]) - Cps Z(X])). Let e, be a unit vector
associate with Cpr Then we can always find an integer m = 1, 2,..., such
that (X3 + mek): S with Z(X3 + mek) < Z(Xy) and Z(X3 + (m+1)ek) > Z(X])
since E](X) and [:(x) are monotonic decreasing functions and Z(X) is a mono-
tonic increasing function.

Since 5(x3 + (mf])ek) = Z(X3 + mek) * Cpo it follows Z(X3 + mek) >
Z(x\) - ¢. By letting x2 = X3 +mey, we have a feasible solution XZtTS
found in an open interval (Z(Xl) = Cp» Z(X])), a subinterval of
(Z(Xy) =y, Z(Xy)), which contradicts our assumption. 0.E.D.

One application of this theorem is that if we cannot find a feasible
solution in the interval [Z(X]) - min Ci Z(X])), then no better feasible

solution can be found and therefore the current local optimum is also a

global optimum,

Branch-And-Bound Technique

We shall now develop a systematic scheme that can search for a
feasible integer solution, if one exists, in the interval of [Z(X}) = O
Z(X‘)). An integer point is feasible if it lies within the region
delimited by this interval, and is subject to the constraints of
E](x) < b] and E:(X) < bz in addition to the upper and lower bounds for

all variables.
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A lower bound (Lp) for xp can be determined by expression (14) and
(15). A upper bound (Up) for xp may be derived from the inequality:
Io. X, < Z(X]), i.e.

11
Uy = [z(xy) -

z
1=

. L xi}/cp] (17)

where [w] = greatest integer less than or equal to w.
Another upper bound for xp also may be derived from the property of

the Poisson distribution embedded in E](X) and EZ(X)’ This derivation will

be given in a later section.

The decision variable X; can take on the following integer values:

Li’ Li+1, Li+2’ ey Ui' If we let y; = X

i Li’ then y; can take on only
the values: 0,1,2,...,(U1-Li). For ease of computation, from now on, we

shall deal with the variable Y; instead of X5 -

Mathematically, we must find a Y = (y],yz,...,yi,...,yr) that satisfies

the following constraints:

2o £ 4

0 <y <Uy-L; forall i (18)
Ej(YeL) < by §e1,2
where

L= (L]’LZ""’Li""’Lr)

~N
1

Z] = Z0 - min C;

The feasible solution space of the above problem can be represented

H
!.
}L
E
"
r
l
L
!

by a tree where the starting node is associated with all variables set
equal to 0. From this node, a branch is generated for each value of 2 in
the interval of [0, Uy - L]]. Then, from each of these nodes, all integer
values in [0, Ui - Li] of 2 branch out. The same procedure is repeated

for Y3s Ygs +oes =
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Numerical Example

Consider the following problem:

1569 < 493y, + 873y, + 490y, + 103y, < 1672 -- (A) \
E,(Y +L) <b, =-- (B) |
E(Y+L)<b - (C) (19) i
yy = Oor ] -~ (D) !

|
yp = 0 or -- (E) |
;=0 1or2 = (F) |
Yg = 0,0,20r 3 -~ (G)

A solution tree representing (19D) through (19G) is given in Figure 2.
This tree will be used later for describing our search strategy.

A path from the origin node to a terminal node represents an integer
solution which may be feasible or infeasible. The tree includes all
possible integer solutions. Since this total enumeration is computationally
intractable even for a small number of variables, we shall present a branch-
and-bound technique that will systematically examine only a small subset
of the tree.

We shall use the upper and lower bounds in (19A) to be bounds on a
node and use the constraint of expected shortage in (19B) to be a criterion
for determining the order of branching. Any subtrees that may branch from
this node will be dropped from consideration. Because the computational
efforts involved in constraint (19C) are considerable, it will not serve as
a bounding constraint and will be checked for feasibility only after a
complete solution is obtained.

The first bounding constraint is the upper bound for the current
cost, Z0 = 1672. Any subtree which has a minimum cost, T1(t). greater

than Z0 will not be generated. The value of T](t) for node t is defined as
follows.

__““_m,__....-...u.--------""""""“""""".".......



0 (0,0,0,0)

(0,0,0,0) Q

Figure 2. A Complete Solution Tree.
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At node t, some variables are specified and some variables are un-
specified or free. At node 7, for example, the specified variables are
N and Yo and the free variables are Y3 and 7% The minimum cost for the
subtree branching from node 7 is obtained by setting the free variables
equal to 0 because the total cost is always nondecreasing as a variable
is added. This minimum cost is denoted by T](t) for node t. For example,
consider Figure 3 with T](t) on nodes. Nodes 18 and 19 can be eliminated
because they exceed Z0 = 1672.

The second bounding constraint is the lower bound for the current
cost, Z] = 1569. Any subtree branching from node t which has a maximum
cost, denoted by Tz(t), less than Z] will be cut off. The Tz(t) is defined
by setting the free variables equal to their upper bounds (Ui)' Fiqure 4
shows the subtrees to be cut off due to this bound.

We shall now discuss how to determine the node to be generated first.
In tree expansion, we start out with node 1 and expand it to generate its
successors, nodes 2 and 3. The problem is: which node should be considered
such that a solution in the subtree generated from that node will be more
likely to be feasible. In order to attain this, an evaluation function
11 defined by EZ(Y‘l + L) will be used to estimate the best expected
shortages for a given node or subtree. In other words, the evaluation
function is used to provide a means for ranking those nodes that are can-
didates for expansion to determine which one is most likely to be the best
path to a feasible solution. The nodes with the smallest functional value
will be branched first because the lower the value, the higher the
potential to attain a feasible solution. Once a node has been selected,

the founding costs associated with the node are computed and the node is

checked for the possibility of elimination.
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Tl(2)=0

T,(6)=493 T,(7)=1366

T1(17)=1366

T](18)=1856

Figure 3. Subtrees Eliminated by Upper Bound ZO'

T2(1)=2655

T,(2)=2162 (2) T,(3)=2655

T,(4)=1289 (4) (5) T,(5)=2162

AR

Figure 4. Subtrees Eliminated by Lower Bound Z

T2(11)=1182 11

1

de
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In a step-by-step fashion, with the aid of Figure 5, we shall solve
problem (19) in which b] = 1,118, b2 = 1.016 and objective function:
minimize Z = 493y1 + 873y2 + 490y3 + 103y4.
Step 1: Set up the root, A, and compute associated bounding costs
and E2'

n

Y'(A)
Y (A) = (1,1.,2.3), T2(A) = 2655 (upper bound for A)

(0,0,0,0), T](A) =0 (Tower bound for A)

i

E2 {1,1,2,3) = 0
Step 2: Select the node with min E2(Y“) and expand this node. Doing

so, we obtain nodes B and C:

Y'(B) = (0,0,0,0), T,(B) =0
Y'(8) = (0,1,2,3), T,(B) = 2162
E,(0,1,2,3) = 0.17

Y'(C) = (1,0,0,0), T,(C) = 493
Y'(C) = (1,1,2,3), T,(C) = 2655

E2(1,1,2,3) =0

Step 3: Check for a cut-off node. No cut-off node so far.
Step 4: Repeat steps 2 and 3 to generate nodes D through I until

a complete solution is obtained. Nodes D, G and H are eliminated as cut-

off nodes. Note that at the last level, Ya is determined by the expression:

L Z0 - T](F{
4 4
Since b 0, only one successor is expanded at the last level.

Step 5: Check the complete solution (1,1,0,0) against the con-

straint of E] for feasibility.

T T PN

e b e
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Feasible solution

Figure 5. Tree Search for a Feasible Solution.
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Should 51(1.1.0,0) < 1.715, then we have found a feasible solution
and we return to the univariate search. Otherwise node I is eliminated
and node B will be expanded next.
Two possible cases may occur during the process of branching and

’ bounding: (1) No feasible solution can be found, and all nodes are either

cut-off for violating constraints (19A, B, D, E, F and G) or eliminated
due to violation of constraint (19C); or, (2) A feasible solution will be
found.

In case (1), the current local optimum is a global optimum. In case
(2), the univariate search is applied again to obtain a new local optimum
and to calculate a new upper bound for each variable, Up.

Since Z0 is always decreasing, this new upper bound will be Tower
than the previous upper bounds. Since the lower bound (Li) used in our
algorithm is an absolute lower bound as required by satisfying the
acceptable levels b, and b,, it should remain unchanged for ail Z.
Therefore, the reduction of the upper bound causes the algorithm to
converge.

Note that when a new local optimum is obtained, the nodes that have

been cut-off due to T](t) > Z0 or E] > b1, cannot be candidates for

feasible solutions because they violate the old Z0 which implies violation

of the new ZO‘

If Tz(t) < Z], the node t may become feasible for a new Z]. It 1t
does, the node should be restored to the tree for future expansion.
Therefore, we do not have to start an entirely new tree, but rather
continue on our tree expansion from those nodes still remaining.

A flowchart in Figure 6 summarizes the procedure for the revised

algorithm. It is self-explanatory, we shall not reiterate.

S mj
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Input ;
for i=1,r

v i
Determine initial composition ;
X via conventional method g
i
;
Input goals by & b, (or com- E
pute goals by conventional }
method) §
Reduce cost of the initial i
composition to Tocal minimum g
via univariate search t
v ’
£
Let the current local minimum E
be the last feasible composi- E
tion *
§

i
i
Figure 6. Flowchart for the Revised Algorithm. l




Figure 6.

Compute Tower bound L. Com-

pute Zg, Z; from the last
feasible composition

Start the branch-and-bound
search by initializing T,(0),
T2(0) and E,(Y") for the start-
ing node o% the tree
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The last feasible com-
position is globally
optimal

minimum E2(Y"). Call this

Select a node ﬁhich has a '
node 'N'

Expand node N.

Ol

Designate one of the successors
‘node t' and compute Ty(t) for
it

continued




Computé Tz(t)

is Yes

Compute EZ(Y") for node t

Yes

Discontinue search below

.| the node t by removing it

from the tree. Call this
node 'cut-off node'

EZ(Y“)>b

is
the depth
of the node t equal>
to r?

@4——

The solution obtained is
infeasible. Remove it and
its ancestor(s), if it is
the only successor of its
ancestor(s)

A complete solution is

Figure 6.

continued

A

obtained. Compute E;(Y)
for node t
E](Y')<b.l

Yes




Figure 6.

The solution obtained is
feasible. Update the last
feasible composition and then
remove it from the tree.

Recompute Zg and Zy from the
last feasib?e composition

which have been cut

No

ff due to Tp(t)<Z
?

any of them
ow satisfied by the
ew computed Z

Restore them back to the

No

tree for further expansion.

continued
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VI. NUMERICAL RESULTS AND CONCLUSIONS

k The revised algorithm was programmed in ASCII FORTRAN and tested on
a UNIVAC-1110 computer at The University of Alabama. In addition to re-

' porting the computational results, some practical considerations for
implementation are recommended. Conclusions concerning this research

will follow.

Test Data
; The data used in this test was obtained from the first 17 line items
of the field data collected at an F-14 base [2]. These data items are

} summarized in Table 1.

Computational Results

; The computational times for the revised algorithm versus the original
F algorithm are reported in columns 2 and 3 of Table 2. The revised algorithm
improves the efficiency in computation. Note that the spares kit is

allowed to stock zero units of "essential" parts which have an exceptionally

low failure rate.

Practical Considerations for Implementation

Two of the many means of enhancing the solvability of the revised
algorithm that we should consider are: the characteristics of the data
and the properties of the constraint functions E](X) and EZ(X)'
N | Since the number of failures for an item follows a Poisson distri-
bution, theoretically the number of failures can take on values from 0 to «
if all possibilities are considered. Practically, however, we may be

content with a 95% or 99% reliability for an item.

30
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Table 1
Item Data

Mean Failure Rate

Item No. No. of Units Unit Cost ($) per 1800 flying hours
1 A(1) c(1) A1)
1 1 1206 0.1224
2 1 8116 0.2322
3 ] 1041 0.2538
4 1 185 0.0270
5 1 248 0.5508
6 1 165 0.6570
7 1 1141 0.7686
8 1 313 0.1062
9 1 944 0.7038
10 1 1813 0.3636
11 1 2555 2.5758
12 1 363 0.8748
13 1 2416 2.1348
14 1 309 0.3762
15 1 990 0.2556
16 1 6101 0.8334
17 1 493 0.1062




Table 2

Computation Time
(CPU in seconds)
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(1) (2) (3) (4)
No. of Line Items Original Revised Algorithm Revised Algorithm
In the Kit Algorithm (an item may take (at least 1 unit)
on 0 unit) Per Item Type
5 0.059 0.094 0.057
6 0.056 0.100 0.081
7 0.138 0.235 0.195
8 0.278 0.396 0.329
9 0.401 0.602 0.379
10 1132.448 1.161 0.647
1 -- 2.446 1.055
12 -- 3.382 1.160
13 -- 5.163 1.210
14 -- 7.145 1.261
15 -- 10.359 1.316
16 -- 25.508 1.701
17 -- 77.479 1.755%
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In the light of this idea, we may obtain a better upper bound, especially

for a small random variable.

Finding an upper bound U for X is equivalent to finding the smallest
J* such that
J’*
I q,>0.95 (20)
j=0 9
where qj is a Poisson density function. Rearranging (20), we obtain a

simple expression:
2 53!—30.95 gy (21)

Similarly, the concept of 95% reliability may be utilized to increase
the lower bound via equation (14), which in turn can speed up the con-
vergence of the algorithm.

In the case where a minimum of one unit per item is imposed on every
line item, the revised algorithm solves the problem with a substantial
reduction of time. This can be seen in column (4) of Table 2. The reduc-
tion of computation time is due to the low failure rates for most items,
which in turn cause the lower bound to be equal to the upper bound. The
restriction of at least one unit per item, however, greatly increases the
total cost of a kit composition as is shown in Table 3.

By observing the kit composition table of 238 items, we find that
many items have approximately the same unit cost, mean failure rate and
number of units per item. These items may be grouped and treated as one

type. As a result, the revised algorithm can solve a much larger problem

size.

T ——



Table 3

Comparisons of Total Costs
Revised Algorithm
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Lower Bound

Lower Bound

Best Local Optimum

?gémgf Determined by Must be at Least Prior to Tree
Goals by & b, One Unit Per Item Search
5 1*=$7969 I = 7969 I = 7969
F*= 7390 F = 7969 F = 7390
6 I = 8451 I = 8451 I = 8451
F = 7603 F = 8451 F = 7844
7 I = 9108 I = 9108 I = 9108
F = 6160 F = 6811 F = 8097
8 I = 9289 I = 9289 I = 9289
F =6122 F = 7209 F = 6122
9 I = 9409 I = 9409 I = 9409
F = 6242 F = 7329 F = 6242
10 I = 11461 I = 11461 I = 11461
F = 7980 F = 9059 F = 10212
x I = 11575 I = 11575 I = 11575
F = 8071 F = 9378 F = 10259
12 I =11679 I = 11679 I = 11679
F = 8175 F = 9482 F = 10363
13 I = 12669 I = 12669 I = 12669
F = 8169 F = 10472 F = 10467
14 I = 13613 I = 13613 I = 13613
F = 8645 F=1121 F = 11068
15 I = 14106 I = 14106 I = 14106
F = 8622 F=11704 F = 10889
16 I = 14596 I = 14596 I = 14596
. F=9112 F = 12353 F = 11379
17 I = 14909 I = 14909 I = 14909
F = 9248 F = 12666 F = 11471
I* = Total cost for the initial kit composition.
F* = Total cost for the final kit composition.

P24 = 3




Conclusions

The following conclusions are drawn from this study:

j

Any feasible solution to the constructed optimization model can
yield a lower cost investment than does the conventional kit
composition while maintaining at least the same levels of
support for war readiness.

The revised algorithm does improve significantly the computation
time for determining an optimum kit composition, though it can
only be applied to a limited number of line items.

With the imposition of a minimum of one unit per item, the
revised algorithm can solve a larger sized problem with much
less computation time.

Should a global optimum not be mandated, the revised algorithm
can solve an even larger problem for a relatively good
solution.

Grouping of similar items into a single type classification is
another strategy to help solve the problem of large size.
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APPENDIX: FORTRAN PROGRAMS AND I/0 37

C MM r(:“:).\("‘\‘ .!R“(?“)'V("‘5),Y‘P‘—’(?R\."(?‘\).IHQ.T‘
COMMAN CAMORCFSHNR T VD RNA] CSNENALLPRENPNVY o TCNCST

cOMMON ZSFQ/XKSEQL2 5)

COMMON ZKROUNDZLY( 25 ) o KOLD {28 YL OLNK (2S5 2 TOL N TLC)
FOMMON /FFACK/ZPARFENT(SO0) e NUIMTY(SON) oFEA

COMMON /JTREF/MIILTE25)e70e? eV TN

COMMON /SFTY/X(120Qe25)eCOTEINDN) o MGH e NRH e TP (100)) o TOPS
sFCOST(25) ¢CHRY
COMMON /POTSON/ZQY T 50+25)

AYMENSTON MEOSTESOUM) oLFVFL (SIMYI o NFISOOYe STACK(SID) oESHIS00)
fTER(L GO

IMTECER AeTCOSTeFFAe?Ne714CeTNOS

IN"F""".’) TR 4ClIR T SO M

TMTECAFR TOPWPARFM T TOPE X 4OV

A ) AN

TOPpPC=

NEfH=)

‘s-nu:!

P R Jz].090

TP(JY=J+1

TP(1D00)=0

REAN & THF LR

HRTTF (Aeh)TUFE LTR
ENRMAT(IHL1e 20X *THNPUT DATAR % e/26Xe*NMUMAFD® OF ATRCRAFY IN A 9,
TCQUANQQON = o [a e/ 26Xe 'NMUYMRFR NAF [TF™ TYPFES IN THE ¥TT =%«IS5}
LlQrTr(é.R)
FORMAT(/1HO ¢20X o " TTFEM O, */UNTIT COST®e*/%FAN FATLURE *,
*RATE PFR NNTIT/®

NGO OF HNITS PER TTEM® (/22Xe *Y % 8Xo*'CULTY 214X,

CLANMET) Y+18XeCA(T) ")
NO 10 ISI+TIR
PEANe e C(TY)oLAM(TYCA(T)
NRTTE (L) T o C(T Vel AMIT) oA (T
COARMAT (IR Ye TS e T 8e7N sF 1345012Y,,T7T8)

CMTN=0GQ9y040

NG 15 T=141R

TFLOETY LTy CRTMICMINSA(T)

COMTTINYF

899 F I=I* IR
¥YEFQ(II=T
~ALL O enMan

CALL CONVE

CALL PROUNDA

CALL LOCAL

CALL WM wr

rALL SORTLM

CALL PCOSTR
L I A
(el N | vvulw;\

N 73 Pt TR

CRTMTes CUTIeLAMETY «PULTITYAXITYLKET)Y

T NAT cAn r\'.)n‘n.

"o 30 1=1+1R
LOLPY(TYIZK(T)
URYITF (6¢300)
FORMAT(//71HO« 20X 'TMRROVYFN LOCAL IPTTIVUM KIT COMPOSITION®,
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1 * Yva IDAMCHoANN P AI'NDY )

SRITE (L 30%)

TARMAT (3AVL'TYEM TYPF, [', AY*VIMEFO AF UMTTC, K(T)*)

WMRTTF (S e310)IXSFQ(T )oK {T)eT=1TRH)

TORMAYT (UIIYeTHe2 UX o1 5)

NRITE(42315) TCOST

FORMAT{IHO2UY e *TOTAL COSY RFOQUTIRFN® 412Xy *= *,110)

NRITE (4 ¢320)FNORS e FSHORT

COARMAT (21 Y, 'CYPFCTFN MO, OF NOCS ATRCRAFT TteE 17,6

1 721Y°YOTAL FXPFCTFN NO OF SHOQTAGFS =*eF13.6)
TOLN=TCOSTY

FNOLD=ENORS

FCOINTFCHORT

COMPUTYE CUMILATTVF COST

M=,

"o 32 ISTRele-]

CHMZSI™M+C (T ) «MULT ()

cOST(T)I=SUM

g 25 I=1»IR
W(T)-MUET(T) K (T)
CALL SHORY
FCH(1)=FSHQORT

TOPE =D
NECOST (L ¥ =0
NUNTT(1)=0
PARFNT(1)=¢C
Topz=D
NONFZ

Nt ASYZ2

LasyY=2

LFVFL(1)=0
KI=n

VIz=vT et
IF (KY.6TTR) GO TO0 1909
IF(XT.LT.TR) FOTO 94
1120
[F(71LTNCOST(NONFYIIGO TC ©7
LIZ(Z71=NCOSTENODF )Y ZC (K T])
IF(LYISC(KT) LTa TUI1=NCOSTINOPFIIL 121 141
L2Z(70=NCOSTI(NONFE )) /C(KT)
IFILI.GTLL2)G0 TO 501
[F(L2RTaMULTINT) I 22MULTIKT)
Lt=t 2
COSTZNCOSTI(NQONFE YAV T Y«
AN TO Q4
| W B¢
AACT=NANSTNONE)
NP0 91 JUS=TR el e~1
TEIXOLNTtIS) BF XY} GOTO 9°
""KRTY."'C

ITA=NOLD(JS)
[FI(COSTHCIIMILGT LZN0IRO TO SN0
L22(70=COSTYI/C(XKT)
TF(L2.0ToMIL T(KT))Y L2=MULT(KT)
MAZMI T(RTY =1+l K(KT)
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r14

118
\}O
129
121
12
o3
124
2S
124
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178
129
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'71
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125
134
127
128
139
1ted
141
182
14z
1an
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eh
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1549
151
152
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11
155
154
157
15¢
15¢
1A10)
151

1482
$63
144
Y..:t.a
146
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14R
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121

206
109
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L3 2eb (XY )

IT(L? FO, MULT(WT)) RO TO
cIHMCn =3,

NO S0 Ju=1 3 4M0

FALYL PRHEORT(X TeJs «NSHNRT)
CHMCN =QHMCN «NSHOP T
J4zZ1 2 +1

TER(JSG) =Supsn

IF(Js-1 LF. L1) GO YO 53
Ja=Jgg-1

L3=13-1

CALL PPHORT(KTeL3«NSHART)

CHMEN=S|IMESN+NSHORT
TER (Jg)y=SI'veEn

W
Y-

0 Y0 €2

TFR{L 2+1)=0.
SIMEN=0 .

Jaz1 2+t

nNn TN 52

cAM=

"0 100 E=L1eL2

IF(FSH(NONF)I+TFRIL+1) AT, SNENAL) GO TN 206
IF(XT .FG. IR) G0 TO 101
IE(rOCSTerCOST(WI+1) FFE, 71) €3 TH 101

IF(NOY FOLUIPRTNT ®. "N I¥FNSTAN OF X FXCFFOFEN
ToPS=Vau

NRHZTP (NRH)

TP(TOOS)I=NGH

MEHSTOPS

COT(TOPSIZNCOST (NODT)
TCOL=Q
NOPENZ=ZNONFE
PO 50 T=1.¥X1-1
TCOI=¥T=-T1
X(TOPS, TCOLY=NUNT T(MNONEN)
NONENMZDARFNT(NONFN)
TEI(NODFN FGa0) PRINTR,*FRRA® TN STORPF NONESQND®
CAMTT NUE
GO TO 206
TOP=TNP+1
CON = SON+1
CSTACK(TOP)ZLAST
MPOST(LAST)=COST
NUNTIT(LAST)YCL
PARFNT(LAST)YSNODF
LEVFL (L AST)I=KT
FCH(LASTICSFCSHINNNFY4TER (L +1)
IF(TOPE,FR.U) GO TO 215
TACT=NE(TORPE)
TAPE=TOPF<1
&0 TR 206
M' A(“Y:to” 3(7*1
LASTZNLAST
COST=COST+CUIKT)
CONTTIMIIF
IF(SO0N FQ., 0) 0 TO 1100

s . ,,,,,_______.._.___M —— - —




s01

£0 YO 700
CONTT NNF

¢ STNOF NONES ) HFRE

r FT

1000

1005

AVATLARLE CPACE FAR NOTFS00
NOSMILT(TR)-1+LK(TR)
L3ZL2+LK(TR)

cimen=g,

N0 523 Jaz=L 3.N"

CALL PNHORT(TRe JG yNSHORT)
CIHMCNZ=CIMSN+NSHOR T

IF(FSH(NONF)+SUMSN ,GT. SNGCAL)Y G0N TO 1100

KKTI=TR
K(TRY= 2
0 YO0 1000
KUT=KTY
nO AN JR=VUTLIR
K(Jar=,
CALL FREAST(KWT,,NODPE)
IF(FFA_,FQ.1) GOTO 605
0 YO 1109
CALL CHUFCK(0OK)
IF(OX . Gs1) GOTO 1006
c0 70 1100
IF(TOP.FQ.0) GO YO 3099
NANFZCSTACK(TOP)
TOP=YNP-)
GO0 Y0 95
KXT=KY
CALL CFAST (KXKTNONF)
IF(FFA.FQ.1) GO TO 1095
0 TO 1100
CALL FHECK (QX)
IF(O¥.FN.1) G50 TO 1006
50 TC 1190
YCOST=CNST=C(IR)+TIC
rALl SIRTRT
CAlLL ravMaryTy
CalL Mgk 2
IF(TOLN.FQR.TCOST)Y GO TO 1100
D 3¢ T=1+TR
LOLD¥ (TYI=X(T)
ToLPN=TCOST
WRTITF(A+300)
URTTF(Ae305)
WRTTF (L9310 (KSFQUIT)eXK(T)eI=1,T7)
UYRTTF (4 e315) TCOST
WRTITFE (£ 4320)ENCRS e FSHORT
ENOLOZFENORS
r(Q[n:rcuopT
IF(NEH FQs, 0)G0O0 TO 1100
CALL GFTY
IF(SURT . NT, OV G0 TO 1300
IF(FFAFN,1) GO YO0 1106
TOPF=TOPE +1
MELTOPFYI=NODF
IF(TOP.FQ.0) GO TN 3000
KI=-LFveyL (v0NF)

-

O A ) i TR T,




¢ PQP

1299

C =x%
r rxs
1390

1305

124638

1320

255

~
c

4]

llp:pl pr\jf(\'cnc ,

MORF=STACKCITOP)
TAPZTOP -1
IF(LEVYFL (NODE) ,FQ.KTIY 50 TO 95
TOPF-TOFF #1
MF(TOPF )=NP
KTIZIFYFL(NP)
NP=PARFMNT (NP)
TE(MP.FN.3) GOTN 3000
TE(LSVYFLI(NONFE ) NF KTI) COTO 12990
Gn YO 65

PFCFT THF NODF 500 RACK TN THF TARFF
MMZY(C1'PY,TR)

NN 1305 JISZTCOFy 2e-1

STACK { JS+MNN)ZSTACKC JS)

TOPZTOP +& Y

I=2

MONFM=1

N0 1308 J<=2,NN+1

IF¢TORPF .FGs D) 60 TO 1325
LACSTSNF(TOPF)

TOPF=TAPF~1

G0 YO 1326

MLASTZNLAST+]

LAST=NLAST

CSTACY (JSP=LAST
NCOST(LASTIZ=Y(TOP1.T)=C(T)
MINTT(LASTYIZY(TOP 1. 1)

PARFMTY (LAST)=NONEN

LEVFL (L AST) =T

FEH(LAST)=y

NonEMSACT

I=T+1

CONTTINNF

nNo 1329 T=1 NN

K(T)I=X(TOPL»T)+LKI(T)

DO 1321 T=MN+leIR
VATYZMUILT(T)+LK (T)

"all CUORTY

FSH(LASTYIZESHCORT

50 70 1100

WRITE(6250)
FORMAY (//1HD 20X e *F TNAL GLOBAL APTIMUM SOLUTION :Y)
YRITF(64205)

WRTTE(A eZ10) (KSEQ(T Il OLTKIT)I o T=1,1°)
HRITF (6+3558) TOLN
FORMAT(IHO« 20X+ *TOTAL COST REAUTRED e 12Xe %= *4F 1042}
MPTITE(69320)FNOLNe FSOLN

cTOP

AN

CresakeeesxT""ORNUTINE ¢t e s e k%

r
~
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| ~na CHNDANTINTG COAC Y (KKTNOPT )Y
;‘ 04 CARRAN CL25)ed (29 sl ANEDE) WM (PE) s TEOMI DRI L 2552 TUE+ ¥R
197 COMNON FMORS T SHARTWUYPROAL +SPONAL ¢ PRCANMY ,TCOSY
| ‘.'.,‘w "l‘\"ﬂ.\‘ ’Crlf‘"/L\ \(ﬂ,f'l'T't)\"\"'l!'Y'(R 1.".cr‘~
: "G POMMON ZKOONNNZEXK (25) KOOI NS 10IDKE25)Y, TOLNLTLCY
0 INTFRER A TOrOSTeCe PARENMT
o NEAL L oaw
26?2 INTFRFR £C28
201 KTV KT
“aoa rACYP-NANC
~og TR W(KKTITIZNUNTT (L ASTP)
RN IF(KKT.FQa1) GO TO 409
207 LASTP=PARFNT(LASTM
"oa KT zNKT =1
290 e 0 100
- \ TATRY EFAC
il g0) "D 30% Y21 IR
T2 3NN RKLTI=RETI+LRELT)
*A Y 'l'l lll‘hg
Tha I[F(FMARe  RTLVPGOAL)Y 60 TO 310
'15 ~AL) CuNOY
26 IFLESHNRT . ET . SOGOAL)Y GO YO 310
*317 cra-t
TR DCYHD N
2,30 210 FopA=n
L I oETNPNY
311 cNN
3 312 CSHRROI'TINF CHECK (OKX)
*1 X COMMON C(25) A (25) L AM(2K5) M (TIS) o TFRM(25)Y,N(2S5)Ye TUF IO
T1la COMMON FMORSFSHOR T VOARNAL 4SNENAL +PECONV o TCOST
» S COMMON ZKDOVNDZLY (Z25) KOOI NI2S )1 OLNK(25) e TOLDTLCY
146 INTFEPFR 0K
*37 N0 100 I=1s IR
18 IFLLOLTK(IT)FQLXET))Y BO TO 100
T ".V:l
o) T OTO 108
5 ¥ ] AANTT AN
t22 K=
19 195 QFTIRNY
Ien END
SHRRONTIME Wi X1
COMMAYN CU25) e A (S Vel AM(2S) s K(2S)eTERM(2S)IGQ(D2S) o TNNE LI
CAMMNAYN FNORS«FSHORT oVPGOAL o SNARNAL oPRCONVe TCOSTY

COMUON ZKINUNNZLY (2S)oKOLN(25)Ve 1 OILNK(2S)e TOLDeTLCY
[VTFAFR POTNTeAsTrOST o0 o706 21
COMNMAN JTREF/NMULTIZES) 2071 0T N
DEAL | Aw
repCcT=)
N SN T=1e IR
TEACTSTANCT A (TIORL T

. VAANTY Mg
TAZTENETT ]
P1=70=""IN
"0 950 1=1:1IR
T2 (1e=N05)eEXPILAY (T))
SRTII=STO/CLY)
‘f"ﬂ."’ ."'r. 3 ) "N 0 &UD




e ——————

13_’1
a3
T4 a
T™h §
TR A
<247
48
*hQ
s Y30
151
'!t‘?
TRy
154
TR
TS A
‘.K"
?qq
THQ
T4D
361
53
?6“
,“5
Thb
67
AR
L
179
)171
272
TT?
“TIY
?7&;
4.
*.77
278
7'}0
TQ )
TR 1
TR2
83
194
225
a4
?q1
sT2R
TOo0
70/}
301
00
263
04
19K
QN
197
T04q

700

600
750
550

419
415
423

LI A¢)

J=0
"':1.
':'UM:A\.
fli‘:ﬂ! . ¢T.|
IF(S'y &%, T) 66 TO T00
dzJ+
TISTIeL AV (T)/FLOAT( )
GO TA 550
InzJg=Le(m
GO Y0 750
TUZLAM(TI«24CSOQRT(LAM(TI)IAK(T)
IF (MULY(T)aGTIM) MULTI(TIZTU
COMTTINIIF
RETI'PN
c\n
f‘.'vﬂ@nﬂ?!mr SOR TI “
FOMMON C(25)eB(25)e) AMI25) o KIS TFRM(25),0(2F) I, TP
COMMON FNORSsFSHORT oYPSOAL o SPRNAL o PRCONVe TCOCT
COMMON /SEN/USE QL 25)
COMMON ZKBOVND/ZLY (25) oKOCLNDIE2SYLOLNW(2SY o TALDWTLCL
COMMAN /TREF/MULT(25)e 7047 1o M TN
INTFAFR AsTCOSToC o7 0e 71
RFAL | W™
NN 410 Tz, IR
Kcro(yyzry
L |
IFCMIL T(KH) JLE MULT (KHe 1)) GO TH 40
T=C(KH)
C(KHY=T(KH+1)
C( M+ =T
TLAM (¥
LAM(V YD AM(KYHe 1)
LAM(KHel YT
IT=A (K1)
A(KUYZA(KHeY)
A(KH+LYZTT
[TzZK<SFQ (xy)
KEFQ{KH)SKSFQ(KHs 1)
KESEN(KHY+1)I=TT
TYSMINLT(XKH)
MU T(KH)=MULT (YH+ 1)
MULY(KH+1)ITT
TToK(¥H)
K(KH)YZK(KH+1)
K(KHel1YZTT
ITaLv (%)
LK(KHIZL Y (KH+ 1)
LX(NM+1)ZTT
GO0 TO 41*%
MHZKH ¢
TE(NU LT, TR) "0 TH 420
DCETHON
S ia ]
SHPROMTTIMNF MQRC
COMMON CU25) e A(25) e LAM(25) o KI25) o TERM(2SY,40(25) sTIME IR
COMMON FNORSIFEHORT JYPGNAL ¢ SNANAL ¢ PRCANV.TCOST
INTFRFD AGTROST "
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=y

’cq
Eap
a4%1
432
anT
un
ans
604
47
40R
409
ay1n
a1}
212
ar3
n14
a1s
4146
217
318
ni9
429
421
422
423
42a
425
426
627
428
429
uzy
421
432
473
431
h35
474
h37
438
439
Ba0)
h41
an2
a43
uoa
a5s
qn6
uny
BuR
ung

Ben
neq
n5?2
453
454
45%

44

DCAY | 2™

f COMPITE £ (NARC)

730
750
700

Y:\_‘
nNO 700 N=1, TUF
f:l
N0 750 T= 1.1IR
K2=K(TY+(N=-1)=2(T)
QACT)=FEXP(=LAM(T))
TERM(T)I=O(T])
IF(K2.FQ.0) GO TO 759
NO 730 J=1eK2
TFRM(TIZTFRM(T)*SLAM(T)/FLNAT(Y)
IF(TFR™(I).LE.1.0FE—-15) GO TO 751
O(TIZQ(TYI+TFRM(T)
C=CxQ(T)
T=T+C
CENORS=FLOAT(TINHE)=T
RFETIHIRM
FAn
CIRROIITTIMF SHCORT
COMMON C(25)0B(25) el 2M(25)2vK(D5)e TERM(25) 4Q{25) sTHELTIR
COMMON FMGORSFSHORT ZYPGOAL ¢ SNENAL oPRCONVe TCOST
COMMON JKPOUND/ZLK(25) +KOLN(25)e1 QINK(25) e TOLN,TLC
COMMON /POTCSONM/QKT(53+25)
COMMONM /SFQ/KSEG(25)
INTFERCER A «TCOSTC ol OLNK
RFAL LM

C COMPUTF F(SHORT)

150

200

i

FSHORT=Q
nO 290 T=1, 1R
JMAYZTUFSA(T)4K (T)
K1=K(T)+1
IF(JUMAY AF, 50 ) JMAY=4G
NIF=AKT (UMAX+1 o KSEN(T) ) *TIIE x4 (T)
N0 150 TTZIMAY 4 K1 9—1
NIFZNTE-NKT (TT4KSFO(T))
TERMIZNTE4(TUFSALT) )# (1, —CHTLIMAX 41 KSFNALT)))
FCHORT=FEHART+TFRMY
CONTTYNUF
PETHRNM
eNn
SHRRONTIME CONVE
COMMON C(25) s AC25)eLAM(25)sK(25)« TEP¥ (251 40(25) 2 T1E,IR
COMPON FNORSFSHART VPROAL s SNGNAL ¢PRCONV, TCOST
COMMON /¥ROINN/LK (251 ¢KOLDE25)+ LOLNK(25) s TOLD#TLC
INTFEFP A4TCOST +C
REAL L Aw
no 11 T=1,IR
K(TISLAMITI+0.5

IF(M(TYal TaIK(T) ]
FOMTYINITF
~ALL NORC

CALL SHORT

VPGOAL=FNORS

CNEOAL=FSHORT

PREONV=O
WRTTF(A415) YPGOAL.SNROAL

e e — ey

ey g
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i
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n% 4
ns57
asn
ns59
ts)
4Ah1
né62
863
a64
uss
nhh
n67
4683
u469
N7
n71
672
a7z
474
475
174
177
a7ae
479
af:)
aR1
a4R?2
ne3
qea
485
na b
ue7y
ugg
180
ng3
ug i
ng?2
493
a9y
495
896
497
398
599
500
se1
S02
503
SN4
s0s
56
€17
59R
509
510
511
€12

15

12

501

510

51

wn

320

220
2861

!
2
=

1

1
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FORMATY (Z/1H(Q«20Y« *ACOFRTARLE LFVYEL FOP EXPECTEN MA GF NoP< °
v TATRCRAET = TFG . 5¢/
21 Y. PACCFPTYARLF LFVEL FOR TOTAY EXPECTED MO NF CSHORTAGESR?
v = FgER_§)
00 12 T=1:IR
DRCOMIZPRCOQONY+C (T)*X(T)
RETHURN
FND
CSURRO!"TTINF LOCAL
COMMON C(25)9A(25) sLAM(25) 4K (25) ¢ TFRM(25)¢0(25)s TIF TR
COMMON FNORS¢ESHORT«VPGROAL 4SNENAL «PRCONY 9 TCOST
COMMCN /ZMDOUNN/ZLK (25) «KOLD(25) 1L OINK(25)s TOLN,TLC1
INTFRFR AsTCOSTeC )
REAL L AM ;
TM=N,.5
TCORT¥=0
PO SG1 T=1TR
KOTYZTIFTY(LAM(T)+0..5)
FEEECTY 1T F ) KEI¥=1
TCOSTZVCOST+K(I)*C(T)
YRTITF(54510)
FORMAT(//1HOe20Xe *STARTING KTIT COVMPOSTTIOM 2°¢/36Y,'ITE™M TYPF,
T T % 7Y *NUMBER OF UNITSe K(T)')
URTTF (L5 e515)(TeK(T)eT=1,1IR)
TOARMAT (40X TS5+20X T 5)
HPTTYF (4+529) TCOST
FORMAT(1HOL 20Y e *TOTAL COST RENUTRFN',12Xe *= *,»,T110)
CAaLY NORS
CALL SHOPT
UPTTE (L 49320)FNORSe FSHUART
COPMAT(21Y¢'FYPECTFDN MO, OF NORS ATRPCRAFTY Z'yF13.60
J21X+*TOTAL FXPFECTYFD MO OF SHYORTAGFS =%,F13,4)
IF((FNORSLEVPROARL) JAMIN(FSHORT LE.SNGNALY)Y 6N TO 2820
CALL ADP
N0 281 T=1+1IR

KoLn(ry=r
CALL SNRTRT

DFETIHRN

NN

SURROUV'TINF ANN

COMMON C(25)93(25) el A M(25) s K(PS) e TERM(25) e0D(25)¢sT"E TP
COMMON FNORS+FSHORT »VPGOAL W SNROAL ¢PRCONVTCAOST
COMMON JUROUNN/ZLK (25) 9oKOLN(25)eLOLNK(25) ¢ TOLNWTLCY
INTFGFR A+TCOST»C

OFAL LAV

ITR=}
N0 S1 T=1,1IR

KOLN(T)I=W(T)
NFLMTN==1,3F20
CALL SHORT

ONQRE=FNORS

OSHNORTZESHORT

10 80 TT=141IR
KETTYZN(TT)+1

CALL NORS
CALL NRHORT(TIToKCTI)=1,yNSHORT)
FEHNTZOSHORT-NSHORT




46
€13 NELYLZ (SO, (ONORS=FNORS) +(NSHORT=FSHORTII/C(IT)
14 [E(NCL T2, LE NELUTNIAD TN ©7
1% NEELMTIN=ONFL YA
516 IMTNSTY
€17 90 KATTYZV(TT)=-1
< R]g a1 FONTYONE
519 IC(NFLMYN.LF.-1.0F1S) 60 TO ©8
s20 K(TMIN)ZK(TMIN) +1
521 TCOST=TCOST+C(TMIN)
R - ~ALL NORS
6§23 CALL "NHORT(TMINeK(TMTN)=1,0SHORT)
524 c PRINT «o®TVTNZ® qTMI N *K (TYINITT K (T¥IN) o, "NGHORT =, NSHNART
s25 FSHORTZOSHART-NSHOR T
526 IF((FMORSLLELVPEOAL) JAND  (FSHART (1€, SNBNAAL)Y) BN TO 9F
i 527 ITR=TTR+1
€2R NO T TSt :1R
S20 71 Vﬂ[ﬁ(!‘):V(T)
53 GO YO 70
571 c9s PRINT &4, *THF (0OFCA} NDPTIMRL €DST = Y TCOOST
€72 C PRINT s, THE 1 DCAL OPTTIMINY, (¥ ([)s T=1,IP)
533 c PRINY &¢ SFNORS® ¢ FNORS'FSHADT =9 ,FGUACT
534 98 OFT IR M
528 £an
534 Q!H’)QQHT‘[H)’ cSImyTeT
27 FOMMON F(25)48(25) eLAM(2S) oK (2F) 4 TERYU(2F€)40(25) s TUESTO
538 FOMMOM FNORSFSHNR T YPGNAL «SNENAL o PRONANY o TCOST
539 COMMON /¥EOUNN/LK(25) ¢ XOLD(28) ol OLDK (25) o TOLD. TLCL
s40 INTFREFR A,TrCSTe
5u1 DFAl LA™
82 FALL NORS
543 CALL SHORT ,
544 ONORE=FNORC f
545 DEHORT=ZFEHQORT 7
546 no 80 TK=1.,IR i
557 IT=xolN(T¥) ‘
Sug 165 IF (K(TT)=1 LT. L¥e¢TI)) GO To a9 b
549 KETTYISK(TT) =1 |
S50 CALL NOHORT(TToX(TT)sNSHNAOTY ;
551 FEHORTZOSHORT 4N SHORT L
€52 IF((FNORS LT VPROAL) JANDL(FSUNPT LT.SNIENAL))IGOTNLIOU 3
553 KCTTISK(TT)+1 i
s54 E0T08D b
555 190 TCOSTTCOST-C(IT)
556 NNDPS=FNORS /
557 NSHORTZFSHORT t
558 G0T0195 {
€59 80 CONTINUF {
50 FMORS=NNORS 1
51 FCHORT=OSHORT ,
Y. OF TR g
BEAT cANN I
5‘)“ < Cllnpqvl?rlvr CFT ‘
=55 COMYOMN C(25) 02 (25) L AM(2S) U (P8) 3 TERM( 2V, N(25) e TUF ST ;
66 COMMON FNORS,ESHORT+YPEOAL vSNANAL 4FPRCONY +TCOST |
567 COMMON /FEFACK/PARENT(500) e NUNTT(SO0) oFEN
568 FOMMON /TRFE/MULTC25)e70e7 1e0%TY
569 COMMON /BETY/Y (1IN0 0e25)eCOTIINN0) ¢ NGHy NRH,TP(1000) +TOPS

p— — | —




nn nn
-~~~
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~
-~

K74
]75
576
77
578
ST9
S&QO
581
SR2
Q3

ray

504

560

S50

559

“43

S47
SAF

500
507

510

504

501

pes=y

pCCOET (254 SURT
INTEGEFR A TYPOSTofFAc?N271:CeTOPS i :
TMYFRFR TP.SIIATY
INTECFR TOP] P AREMNTWPTAD 1, Y, TOT ;
DEAL 1AM

CSHRT=D

FFAz=(Q
FTOP1=0 ’
TOP1=NGH i

KIZX(TOPL+IR)
IF(CEOTLTIORPY) .BY.Z0) GO TO 527

IF(FOT(TOPI)+CO0STINT+1) 1L T. 71) GO TO 501 P
IF(IR-XT .RT. 2) 60 TN 1200 , f
KI=ZKT «1 .

FOST=70-COT(TOPL) i
| 2-c0S T 20 CR YY)

IFLL2 RTa MUETEKTY )Y L2=MULTEXT) !
N0 SE0 LLZ14L2e1

1=t -1
K (KT)YZL
K(TRYIZ(COST-L*C(KTI)I/C(IP) t

nn 560 T=lekKI-1 )
K(T)=Y(TOP1,.1)
CALL FEAS
IF(FFA ,FQ. 1) GQ TO §59
COANTTNIYE
€0 YO 507
TROSTZCOT(TOPL)+K (KT)#C(KT)4¥ (TRY®C(TPR)
rALL FFEAS
IF(FFA_FN,.1) GO TN S50N9

- ey rr—————

G0 TO 507 |
NO 537 T=XT+1,IR |
K{(1)Y=0D |

DO S8T7 I=1ek1

K(T)IZX(TOP1 1)

GO 7O 542

FTCOST=COTCTOPL ) J
IJF(PTOPL JEQ.GXRQTOS1Q
TPLPTOFY)=TPE(TOPL )
TP(TOP1)=NRH
NARHZ=TQOP 1

IF(FEA .FO. 1.0) GO YO 1202
TOP1=TP(PTOP1)
GO YO S04
NGHZ=TP(TOP1)
TP(TOPI)=NRH
NRHZ=TOP 1

IF(FFA FQ.1)G0T01202
TOP1=NGH
IF(TOPYl FQ.0)G0 TO 1202
G0 T0O 504
PYOPI=STYOR )
TOPI=TP(TQPY)
G0 YO S04

1270 <A T=TOP1

1202

OF THRY
Fyn

. - " a Ilﬁ---i-.-.-




K27
528
£90
A3
AT}
32
£33
Ay
A35
636
437
538
$39
Alte)
501
A4 D
A4 ?
Al Yy
LIS
Ak
HU T
AL R
LH89
AS50
1,‘;]
55?2
AS3
ASa
455
656
557
L5p
559
Abhd
AR
&b D
L5
56U
ALS
Lhb
h6T
AKR
569
570
671
AT2
L7773
AT74
LT5H
ATA
£77
ATR
£79
AR
A8 D
HR2
bR

1 N0

105

120

c108
r174

48

SHRDONTINFE rOSTR
COMBON C(25) 08 (25) oL AM(28) (W (28), TFOM(I6Y,0(25) e TUUES IR
FOMMAN JKEOINT L KL 25 ) o KOLD (2 8) of AL DK (D6) 4 T0L Ne T1 €1

CONMON ZBETY/X (1000025 )eCOATEINAN) ¢ GH e NRHe TP (10111} ¢ TOD S

sCCOSTIIN) SR T
[NTERFR Ae TCOS TeFF Ae PN e 14CeTONC
TANTERFER TOPJPARFMT e TOPF o X 9NVY e SURT
REAL | AM
NO1OD T=1.IR
cOY(TYI=CLT)
Tl
TFC(COT(T).CE.COT(I+1))COTOL20
TR=Y
TC=COTLIK)
COTITRIZSCOTCTIK+ 1)
COYT(I%+1)¥=T0
[e=vaLnDiTK)
KOFNETIK)YZKOLN (TY+ 1)
KOLNEIK+1)=IC
ITK=-T¥-1
IF{TX .FQ.0)G0T0N1 20
TF(COT(YK) GF.COT(TK*1))R0TO120
GOTOL10
E=T+1
TECT SLTSIRIGOTOL 05
RFTURN
Fan
CHRRONTINE cUuMUQ
COMMON C(25) pA(25) ¢ LAM(25) o KIDS) o TFOM(25)eQU25)+TI'EHIN
COMMON FNORS«FSHORT o/OGOAL o SNGBNAL «FPRCONVeTCOST
FOMMON /SFQ/KSEQ(2S)
COMMAON JVBOUNNDZLK (25) +XOLNE2S5)YoLOINK(25)Y, TOLNTIC1
COMMAOM /TRFF/MIILT(25)e 7007 1NN
INTFRFR AsTCOST o€ e70e71
REAL AN
COMMaN /POTSONZQXT(50025)
N0 1NN T=-1e TR
AJ=FYP (=t AM(T))
c1M=ny
OKT(1o1)=SUM
no 105 JK=2,50
QIZQI=LAM(Y)/FLOAT(J¥-1)
IF(O GFe 0.0000001) GO TO 104
KK =K
60 To 108
CHP :rpv’n‘,
NKT ('K TYIZSKIINM
XTI (90e¢ 111460
GO0 TH 190
No 104 J¥ 1= JKX e S50
AKTtIXL+T )220
COARNTTY MIIE
RETIHRM
£
CHERQUTINFE ONHORT (K ToXKK T NSHORTY
FOMMON C>(25) e AL25)Ve LAMI25) o K(2S5) o TERM(25)eQ(25) o TUE IR
COMMON FNORSFESHORT «VPOROAL ¢ SNRNAL 4PRCONVe YCOST

- _,.,“F..,.
LR

— -u----------'--Nﬁ--------'--"‘*""‘""""“.'-i
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84 COMNON SUROUMD /LK (2S) oKOL N2 V11 01DK(25)e TOLNTLCY

ASE ~AAMANM JPOATCON/QU T 50+29) g

(R& cOMMON SSFQ/IKSEQL 25)

AR IMTERER A JTCOST of ot O DK

AS K [FCL] L an

5P Q MISTUF®A (KT Y +KK T

A9 IF(M1 .GF, 50) M1=49

691 NEHORTZOKT(M141 ¢WSEQ(KT)I~ OQUT(KKTI#+1,KSEQIXT))

592 RETHRN

593 FNR i

694 SHRRONTTINE COMR TN t

&Q5 COMMON C(25) 2R (25) oL AM(25) oK (25) 4 TFRM(25140(25)9 TUF IR i

696 COMMON FMORSIESHORTLYPGOAL ¢SNGENALyPRCONV #TCOST

697 COMMON /KBPOUND/LK(Z25) e KALD(2S)Y«LOLNK(2S) o TOLNe TLCE

Log CAQUMOMN /SFQ/KSEQ25)

£G 9 INTFRFEQ A4 TCOSTC
i 720 RF AL t am :
| 791 120 ONNRS=ZFNQORS §
i 7392 PCHORT-CCHQART f

703 ng 230 Jiz1+IR-1

TOn KN=¢x0LN(J1)

705 IF(K(KNY=-1 LT. LK(KNV)) GO TO 279

706 K(KNYTM(KN)-1

T07 J3=TR

708 Jaz=J1 +1

799 CALL NRHORT(KNsK(XN)eNSHORD)

710 FSHCRP=NSHORT+NSHQORP

[ 3 no 280 J2=Jd4,7IR

712 Kp=vqaglLN(J43)

713 K(KPYZHK (KP)+1

714 CALL NORS

715 IF(FMORS .GT. VPEOAL) GO TO 2540

T16 C ®x¢«»

v & % CALL DNHORT(KPoK(KP)=1¢NSHORT)

717 CCHNARTZFCHQRP-NSHNOD T

T71Q T ***

720 IF(FSHORTY .GT. SDGOAL)Y GO TO 28419

721 TEOST=TCOST — C(KAY & CC(KP)

722 € PRINT %9 *NFW PT e (K(I)eT=1sTR)

723 G0 70 130

724 260 K(KP)=X(KP)-1

725 260 J3=J3-1

726 K(KNY=K(KN)+1

27 230 CONTTNUF

728 WRTTF(b6270)

729 273 FORMAT(//1HO»20Xe *LOCAL OPTIMUM WKIT COMPOSITION®,

730 1 * VIA UNIVARIATE SFARCH C*)

31 NRITF (A 275)

¥ 275 FORMAT(36Xe*'TYEM TYPEy 1%¢ BY«"MUMRER OF ''NITSe K(I)*)

723 WRTTE(G o280V UIKSFA(T) ek (T)eT=1+70)

T34 200 FORMAT(UDYeT520Y T 5H)

I35 YRTITF (8 520G) TCOST

724 520 FORMAT(1IHQe20¥«"TOTAL COST REOQUIRFD".12Xe "= Y4110)

37 WRITF(6¢300)0ONORS e OSHORT

738 300 FORMAY(21Ye'FYPFCTEN MO, OF NNRS ATRCRAFT =% ,F13.60

729 1 /721Y» "YOYAL FYPECRTEN NO OF SHORTAGFS =%,F13.6)

749 FHORS=OMORS
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T4 CCHORT=NSUORT
T 2 RETIIRNN
TH'F - AN ]
71,'!; rnnpg)n'y'gr M"lt(‘- ;
74 FOMMON C(25) 4 A(25) e LAM 253K 28 TERM(26) N (D2S) T1F, 10
T4 4 COMMON FMARS FSHART «UDPGOAL o SNAENARYL +PRCONVe TCOST
_ 707 COMPON ZKPOINPL ALK (25) KO NE25)1 OLOK(DS) e TOLN 71O
! 758 INTFEFR POTNTeA ¢TCOSTC o704 71 i
749 COMMON /TRFF/MULT (25) 47071 0MTN
750 REAL LAM f
751 TCOST=D ;
752 NO 500 T=1,IR f
753 TCOST=TCOST+K(T)*r(T)
754 SO0 CONTIMUF il
755 20=TrOST-TILC1 |
] 756 71 70-CNMT N '
757 nO 550 T=1.1IR ;
759 [M=70/0(T) :
759 TIF(MILT(T) oG6T. TU) MULT(T)=TH i
7690 569 FONTYNINE f
761 RETIIRN
742 cNn
763 CHRROVTTINF ROUNDA ;
T4 FOMMON C(25) e A(25)el AME25) oK) TERM(2S) 40 (25) ¢ THE TP ;
745 COMMON FNORSFSHORT s¥PGOAL ¢ SNENAL 4 PPCONVe TCNET 1
166 COMMON ZMBONND/ZLK (25) +KOLD(25)« L OLNK(2S) e TOIDNLTLCI ]
Th7 COMYMON /SEQ/KSEQ(25) t
748 COMMON /POTSON/ZQK TE 50425) |
769 INTFRFR AWRH.TCOSTs
779 REAL L AWM
Tl NIMENSION QT(20)
772 N0 300 T=1.T1R
773 N0 308 J¥=1+59
774 IE(OKT(JY oK SFQACIN) RF, 0.95) 60 TO 307
775 INK CONTTNNE
776 T 0L NK(T) =Y -1
777 D0 FONTTANE
778 THE I=0<
779 nO0 310 T=-1eTR
789 nNo 315 IN=1.I"F
781 TIMF=1
782 nNO 320 TX=14+IR
793 IFCIN E0« T) 60 TO 320
784 MAS(TN=1) %A (TY)
785 IF(NE LT, LOLDKCTIY)) S0 TO 721
784 D=QKT(NA+ 1+ XKSFA(TY) ) =OKT(LOLNV(TY)Y 41 KSENIT X))
787 fO0 TO 122
788 321 =0
789 322 TIMESTIME«(QKTCLOIOKITY)+ToKSENCTIX))4P)
799 32N caONTYY MNOIE
761 315 OT(TM)=TINF
799 € =N
793 MIN=n
701 RHZ A, O« AM(T)
765 IF (RH.FQL0D) GO TO 390
794 nn 220 J1=1,RH
797 vin=a1-1

Mﬁﬂ=:,m__..__.........g....i.........--u--nnuu-ln--niil-lili"lﬁ'.'
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|
798 =10 d
799 NN 260 M1 TUF |
Q63 i) D(T)IZOXT(1eKSFQ(T)) !
21 K1ZMTNe(N=1)%a(T) !
Pu2 IF (V1.F0.0) RO TO 260 |
303 ALTIZOKT(KI+1,KSFQ(T)) !
a64 260 TZT+G(T)*QT(N)
ans STInE-T
206 IF (S-VPROAL )390s 3904220 .
217 220 CONTTINUF :
fng 390 LX(II=MTN }
| R09 TLEISTLCL+C(T) «LK(T) |
1 P10 310 FONTTNIF
211 TEOST=TLC |
R12 WRTTT (6+4350) ‘ .. 1
213 251 CORMAT(1HO, 21V "ARSOLUTF 1 ALER An(IANE ion ALY ITF¥ TvPFQ ¢
2ty 1 36Ve'TTEM TYPES T ' 10X 'LOWFR E0UNY L(T)*) g
215 HRTTF(69355) (TalK (T)pT=1,s1P) !
P14 355 CORMAT(40XsT5+20Y+T5) !
217 WRTTF(6+360) TLC1 | J g e
A18 360 FORMAT(1HC»20Y+*TOTAL COST FNR THFE LOWER=BOUNN KIT COMPOSTTI /
819 1 +* = "4F13.6) !
220 RFTIURN i
f21 FNn F
|




.

TNPUT PATA :
NMNMRER OF ATRCRAFT TN 4 SQUANRON
MUMRER OF JTFM TYPFS TN THF «IT

f
10

TTYEM/UNTT COST/ZMF AN FATLURFE RATFE PFR UNTT/NO OF UNTITS PFR [TFM™

T c(1) LAM(T) ACD)
1 2757 2.3580010 1
2 811 «232200 1
. 3 601 -832a0n 1
o 278 «187600 1
5 255 2.575800 1
6 241 2.13480N 1
7 219 3.410460N0 1
8 181 «363400 1
9 120 «1224n1 1
10 114 T 17625671 b5
ACCFPTARLE LEVEL FOR FYPECTFD NO OF NORS AIRCRAFT = 1.98739
ACCFPYARLE LFVFL FOR TOTAL FYPECTED NO NOF SHORTAGES = 4.56766
ARSOLUTE LOWER ROINNS FOR att YTYEW TYPFCS
TTEV TYPF. T LOWFR RONND L(T)
1 1
2 0
3 0
4 \
] S 1
6 1
7 2
' 8 0
¥ 0
10 11
TCTAE COST FOR THE LOWFR-BOUNN KIT COMPOSITION = 4945,000099
STARTING KIT COMPOSITIOM 2
ITEM TYPE, T NUMRFER OF UINTTSy KI(T)
1 2
2 1
3 1
4 = 1
5 g 3
6 2
7 3
k) 8 1
9 1
10 18
TOYAL £0ST REQUIRFD 118561

FXPFETEFND NO. OF NMORS AIRCRAFT
TOTAL FXPFCTEN NO OF SHORTAGFS

1.987090
8,567656
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1OCAL OPYIYI'M ¥ TT COAMPASTTTON VIA UNTVARTATF SEARCH ¢

ITEY TYPFE. 7 NMUMRFR OF IMITS<, K(T)
2 J
& 0
9 0
1 2
8 1
3 0
5 3
6 2
7 4
10 21
TOTAL CCOST RFEQUTYIOEFEN - 119212
EXPFrYFN NO. OF NORS ATRCRAFT = 1.967914
TOTAL FYPFCTED NO OF SHORTAGFES = 4.,7210705

TMPROVFN LOCAL OPYIMUM KIT CONMPOSITION VIA RRAMCH-AMD-ROUNMD 2

ITERM JTYPEs ¥ MUMRFR OF UNMITSe K(T)
2 0
q 0
9 )
1 2
8 1
3 0
S 3
6 2
7 4
1n 21
TOTAL COST REQUIRED = 10212
FXYPECTEN MNO. OF MORS ATRCRAFT = 1. 963914
TOYAL FXPECTEN NO OF SHORTAGFS = 4,2103705

LOCAL OPTTMUM K TT COMPOSTTIOM VYA UNIVARIATE STARCH
ITEM TYPE, 1 NUMBRER OF UMITS, K(T)

QN NNDOD~ 08N
I W T I =)

—
N
c

TOTAL COST REQUIRED
EXPFCYFN NMO. OF NORS AIRCRAFT
TOTAL FYPFCTEN NO OF SHORTAGES

7980
1.943458
4,89u8062




| TMPROYEN LOCAL OPTTMUM KTIT COMPOSTTINN VIA PRANCH=-AMD-ROUMD

ITFv¥ TYPF, T

DN WD -0 FE

——

TOYAL €COST REQUTIRFN
FYPECYFEN NO. OF NORS ATRCRAFT
TOEYAL FYPFCYEN NO OF SHORTARFS

FINAL GLORAL OPTIMUM SOLUTTON 2
ITEM TYPFe 1

DN WMy O 8N

—

TOTAL COST REQUTRFN
FXPFCTFN MO, OF NORS ATRCRAFT
TOTAL FYPFCTYFD NO OF SHORTAGFS

nonn

NUMRER OF 'INTTS, K(T)

0

1

1

1

1

0

3

3

4

20

7920

1.943458
4.u490062

NUMRER OF UNMTTS, K(T1)

0

1

1

1

1

0

.

3

4

20

798n,00

1. 90 3y S50
4.,8945062




THE UNIVERSITY OF ALABAMA
COLLEGE OF ENGINEERING

The College of Engineering of The University of Alabama (Tuscaloosa) has an
undergraduate enrollment of more than 1,000 students and a graduate enrollment of
90-100. There are approximately 100 faculty members, a significant number of whom con-
duct research in addition to teaching.

Research is an integral part of the educational program, and interests parallel academic
specialities. It is conducted in the classical engineering programs of aerospace, chemical,
civil, electrical, engineering hydrology, engineering mechanics, environmental, industrial,
mechanical, metallurgical, and mineral engineering. All of these programs offer the
master's degree, and five programs offer the educational specialist and doctor of
philosophy degrees.

Other organizations on the University campus that contribute to particular research
needs of the College of Engineering are the Charles L. Seebeck Computer Center,
Geological Survey of Alabama, Marine Environmental Sciences Consortium, Mineral
Resources Institute—State Mine Experiment Station, Natural Resources Center, U.S.
Bureau of Mines, Tuscaloosa Metallurgy Research Center, and the Research Grants Com-
mittee.

This University community provides opportunities for interdisciplinary work in pursuit of
the basic goals of teaching, research, and public service.




